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Abstract 

 Traditionally described as the smallest unit of life, cells continuously modulate their 

behaviour according to the environment they find themselves in – and to the company they keep. 

Of course, this phenomenon is also inherent to human beings, as we sense our surroundings 

through highly specialized systems (our five senses) that act as signal sensors and transducers. 

Through these systems we are able to experience the world around us, interact with it and, to the 

best of our abilities, try to remodel it to fit our purposes, just as the cells that compose us do.  

The question of how exactly cells sense their environment (including the extracellular 

matrix and neighbouring cells) and respond to it has fascinated scientists for decades. We know 

that environmental inputs can drive cells into distinct paths such as division, differentiation, and 

even malignancy, representing a paramount regulator of cell function in a myriad of physiological 

settings. Therefore, by deepening our fundamental understanding of cell-matrix interactions, 

researchers also contribute to the development of therapies or devices to tackle injury and 

disease across our bodies.  

 Since cells have micrometric sizes, their interactions with the surrounding matrix take 

place primarily at the nanoscale. Protein receptors at the cell membrane bind to ligands present 

in extracellular proteins; these adhesions have intracellular repercussions and regulate 

parameters such as cell shape, cytoskeletal organization or gene expression. In this thesis, we 

produce nanopatterns of cell-binding ligands and employ them as in vitro platforms for 

mesenchymal stem cells, in culture media inducers of differentiation towards cartilage, tendon or 

bone. We analyse cell movement dynamics, the formation of early tissue structures and their 

mechanical properties and stability, intercellular communication, and cell differentiation to each 

of the lineages. We also explore mechanotransduction mechanisms that may explain our 

observations. Through this work we aim to unveil fundamental cell-matrix interactions driving the 

development of musculoskeletal tissues, which are some of the most frequently injured in the 

body and among the main causes of disability around the world.  
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1.1.  The extracellular matrix 

In a biological context, the extracellular matrix (ECM) refers to a cell’s immediate micro- and 

nano-environment. The ECM constitutes a cell’s physical and chemical support, providing it with 

the necessary components and cues to sustain its life and guide its behaviour. Its composition is 

highly variable depending on the specific tissue or cell state1. In a native mammalian physiological 

setting, the ECM is a tightly packed mesh that can contain hundreds of proteins, together with 

enzymes and growth factors2. In vitro, the ECM includes any substrate or material on which cells 

are cultured, plus the products they secrete. 

Cells are constantly interacting with the extracellular matrix by probing it, remodelling it and 

in turn being affected by its chemical and mechanical signals. These cues are sensed by receptor 

proteins, transduced and transmitted in the cell, where they can regulate enzymatic reactions 

(cell metabolism), transcriptional regulatory proteins (gene expression) and cytoskeletal proteins 

(cell shape and movement), thus affecting cell behaviour in virtually its whole range of biological 

processes3. In turn, cells modulate the ECM by applying forces to rearrange and unfold it, and by 

secreting ECM components that progressively alter its chemical composition. This cycle, guided 

by cell contractility and biochemical signals (both intracellular, such as transcription factor 

transportation to the nucleus, and extracellular, such as growth factor secretion for paracrine 

signalling), acts as a feedback loop continuously regulating cell function4. 

The interplay between cells and the ECM during development and disease is today one of 

the main lines of scientific research, as an interdisciplinary field that involves not only cellular and 

molecular biology but also physics, biochemistry, materials science, engineering and informatics. 

Deepening our knowledge into how cells sense, respond to, and remodel the ECM allows us to 

better understand the driving factors of tissue and organ formation in healthy conditions, as well 

as their malfunction and deterioration due to disease or ageing. This knowledge can then be 

applied in the design of new biomaterials or cell therapies for tissue regeneration; as well as more 

comprehensive in vitro models for drug or therapy testing (potentially accelerating their 

development process and reducing the need for animal models). 

The interactions between cells and their surroundings take place largely at the nanoscale, 

through molecules such as matrix ligands, membrane receptors and cytoplasmic proteins4,5. 

Hence, the pursuit of a complete understanding of cell behaviour necessarily involves the use of 

nanoscale tools such as nanofabrication and nanopatterning to produce ECM-like biomaterials, 
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as well as nanoscopy techniques to observe and measure biochemical processes at this scale. In 

this thesis, cell culture substrates were unevenly nanopatterned with a common ECM ligand at 

biologically relevant densities. Mesenchymal stem cells were seeded on the substrates and 

induced to undergo the initial stages of musculoskeletal tissue formation, involving processes 

such as individual and collective cell migration, condensation, differentiation and intercellular 

communication. By precisely tailoring cell-substrate local adherence, we shed light on the 

regulatory framework of cell-ECM nanoscale interactions in early tissue development. 

An important distinction to be made is that cells in vivo always reside in a three-dimensional 

environment (and might perceive different kinds of ECM in different directions, for instance if 

they reside at tissue interfaces), whereas many in vitro systems are two-dimensional in that they 

are designed as surfaces on which cells “crawl”, rather than volumetric spaces in which they 

“flow”. Most of the studies cited below were indeed performed on this kind of substrates (as is 

also the case of this thesis), which has led to some questioning of their physiological relevance6. 

However, while they do not recreate a complete matrix for cells to interact with, 2D studies 

provide important knowledge on specific mechanisms by which cells sense, integrate and respond 

to their immediate surroundings. They are also generally simpler systems that allow to fine tune 

the cellular environment and closely observe cell response to it7,8. In this case, in order to 

modulate local cell-matrix adherence, the use of unevenly nanopatterned ligands is a useful 

recreation, while arguably reductionist, of conditions cells might find in vivo. 

 

1.2.  Cell-matrix adherence and mechanotransduction 

1.2.1. Integrin receptors as sensors of adhesion 

Cell-matrix adherence and mechanical sensing, and its effects on cell behaviour, has been 

extensively studied and reviewed, although many questions remain unanswered5,9–12. This section 

is a summary of the main concepts on cellular adhesion and mechanotransduction, the underlying 

biological mechanisms regulating cell response in this thesis. 

Adherent cells tend to attach to an array of ECM proteins such as fibronectin, vitronectin or 

collagen. Fibronectin in particular is widely used in research laboratories to functionalize cell 

culture substrates; cells plated on fibronectin-coated surfaces typically exhibit a high percentage 

of adherence and a spreading morphology. In 1984, Pierschbacher and Ruoslahti discovered RGDS 
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as the fibronectin sequence responsible for cell attachment (with the serine residue described as 

“not essential”) and found that other proteins also bind to cells through RGD-containing 

domains13, opening the possibility to modulate cell adhesion in vitro using synthetic RGD peptides, 

rather than whole proteins. Integrins were subsequently identified as the family of membrane 

receptors driving cell-RGD recognition14. 

Integrins are comprised of two transmembrane subunits, α and β, each with an intracellular 

and an extracellular domain. The two subunits are held together by extracellular non-covalent 

bonds, and project outwards of the cell by as much as 20 nm3. There are 18 kinds of α and 8 kinds 

of β subunits; they can combine to form a total of 24 known heterodimers (integrin types), of 

which 8 bind to RGD. Other integrins bind to ligands in collagen, laminin, E-cadherin or 

osteopontin, and up to 12 integrin heterodimers can bind to more than one ligand type15,16 (Fig. 

1.1). Some integrin types are ubiquitous, while others are specific to a tissue or cell lineage3. 

Fibronectin-binding integrins containing the β1 subunit have been described as the ones driving 

adhesion formation and growth, allowing the site to withstand large forces, while αvβ3 integrins 

initiate mechanotransduction17,18. Cells adapt to inputs such as substrate rigidity by engaging 

different integrin types, either separately or in competition, with varying binding and unbinding 

rates19. 

Figure 1.1. Types and ligands of integrin receptors. The 24 known integrin types and their corresponding 

main extracellular ligands in mammals. Adapted with permission from Moreno-Layseca et al. (2019)16 
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Integrins are constantly internalized into the cytoplasm and recycled to the membrane 

through various routes16. With a lengthy half-life time of 12 to 24 hours, they can undergo this 

cycle many times, remaining immobilized at adhesion sites for under 80 seconds in each binding 

event20. The trafficking process acts as a regulator of integrin function, as it tightly controls 

integrin availability and location at the membrane. It plays a crucial part in cell migration, allowing 

for new adhesions to be quickly formed and destroyed to sense the matrix for directional cues. 

Integrins are generally endocytosed at the back of the cell and recycled at the front in the 

direction of cellular movement, although trafficking exists in several directions within the cell21. 

1.2.2. Integrin adhesions as mechanotransductors 

The transient adhesions that cells form to probe their surroundings are known as nascent 

adhesions or focal complexes (FXs), small clusters of integrins tethered to ECM ligands in a force-

independent process22,23. Nascent adhesions of a similar size (100 nm) and integrin number (50) 

form on substrates regardless of stiffness, stabilised by cytoplasmic protein talin24, seemingly 

recruited by focal adhesion kinase (FAK)25. In addition to talin, kindlins also play a role in the 

activation of certain integrin types, although their specific function is not yet fully described26,27. 

Talin activates integrins by binding to their cytoplasmic β tail, switching the extracellular domain 

of the receptor to an extended conformation with higher affinity for ECM ligands (inside-out 

regulation)28,29. While integrin subunits are parallel to each other in the resting state, upon ligand 

binding the cytoplasmic end of the β subunit migrates along the membrane away from the α, 

resulting in a conformational change that further increases ligand affinity and allows the support 

of tensions at an angle (non-perpendicular to the membrane)30–32 (Fig. 1.2).  

Figure 1.2. Integrin conformational states. Integrin activation entails the extension of the extracellular 

domains and the separation of the two subunits at the plasma membrane. Activation is regulated by inside-
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out signals (cytoplasmic activators binding to the receptor’s tails) or outside-in signals (extracellular ligands 

attaching). In each case, integrin activation results in subsequent chemical or mechanical signals at the 

other side of the membrane. Integrins thus mediate communication in both directions, in and out of the 

cell. Adapted under a Creative Commons license (CC BY-NC 3.0) from Hamidi, Pietilä and Ivaska (2016)33. 

 

Nascent adhesions can either disassemble or, if integrin clustering continues in response to 

extracellular cues (outside-in regulation), grow into focal adhesions (FAs). As adhesions grow, 

they transmit proportionally higher forces, up to a maximum threshold at which they would 

destabilize34,35. Talin, bound directly to integrins and F-actin on each side, serves as the primary 

transducer of forces between the cell membrane and the cytoskeleton. Unfolding of the first three 

talin rods exposes vinculin-binding domains, triggering its recruitment, which in turn prevents 

talin refolding36. This reinforcement of the talin-actin bond by vinculin occurs when tensions reach 

5 pN and allows the adhesion to sustain larger forces, causing further unfolding of talin and a 

progressive increase in tension and adhesion size37. Vinculin attaches to actin by an asymmetric 

catch-bond, the lifetime of which increases with the load it bears, so this structure remains stable 

under high tensions38. The amount of tension sustained at the talin section of adhesions is thus 

regulated by the number of protein molecules recruited39,40. Focal adhesions can further mature 

into fibrillar adhesions (FBs), which are large clusters of α5β1 integrins attached to fibronectin 

RGD ligands in the ECM10,16.  

Integrin-mediated adhesions sustain bidirectional tensions thanks to integrin association to 

the actin cytoskeleton through the adhesome, a complex of interconnected cytoplasmic proteins 

recruited to the adhesion site, including paxillin, vinculin, α-actinin and zyxin, among others41–43. 

FAs effectively link the ECM and the cytoplasm, reaching the cell nucleus and allowing for 

mechanical signals to be exchanged in both directions42,44–46 (Fig. 1.3).  
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Figure 1.3. Nanoscale architecture of focal adhesions. The adhesome complex links clustered integrin 

receptors with the cytoskeleton. Adapted with permission from Kanchanawong et al. (2010)41  

 

1.2.3. Adhesion signal transformation into biological responses 

While cells probe and remodel their immediate surroundings with inside-out forces, outside-

in signals from the matrix and adjacent cells regulate cell movement, morphology, metabolism 

and gene expression, with this interplay driving a myriad of biological processes such as tissue 

and organ development4. Tensions generated at integrin adhesions are propagated through the 

cytoskeleton and can reach the linker of nucleoskeleton and cytoskeleton (LINC) complex at the 

nuclear membrane, stretching it and enlarging its pores. Larger pores then facilitate passage of 

molecules such as transcriptional regulators47. Moreover, the LINC complex is connected to 

chromatin through the mechanosensitive lamin protein network48–50. Dynamic changes of 

chromatin conformation in response to deformations of the nuclear membrane regulates cellular 

adaptation to mechanical inputs51. Tensions originated by probing cells with the integrin ligand 

RGD can induce chromatin stretching, affecting gene transcription52.  

Direct force propagation into the nucleus is not the only way by which integrin 

mechanotransduction affects cell behaviour10,53,54. Altering membrane morphology or 

cytoskeletal dynamics can have downstream repercussions on biochemical signalling pathways 

such as Rho-family GTPases (paramount in cell spreading and migration)55,56, as well as on 

transcriptional regulators such as YAP/TAZ and MKL1, ultimately regulating gene expression50,57,58. 

The LINC complex also interacts with mechanosensitive signalling factors such as β-catenin, 

mediating their translocation59. In addition, nuclear translocation of cytoplasmic proteins 

depends on their size, surface properties and mechanical stability. Force-mediated unfolding of 
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proteins such as transcription factor MRTFA makes them more flexible and facilitates their 

transportation through the nuclear membrane47,60 (Fig. 1.4).   

Figure 1.4. Proposed mechanisms of nuclear mechanotransduction. (1) Stretching of the nuclear 

membrane could alter the conformation of the rough endoplasmic reticulum (ER), exposing more 

ribosomes to the cytoplasm. (2) Force application promotes translocation of emerin from the inner nuclear 

membrane (INM) to the outer nuclear membrane (ONM), modulating chromatin organization and 

facilitating actin polymerization at the ONM. (3) Increased membrane tension could open nuclear pore 

complexes (NPCs) and modulate their permeability. (4) Stretching of the nuclear membrane recruits cPLA2 

to the INM. (5) Force transmission to the nucleus results in post-translational modification and altered 

dynamics of lamin A/C and INM proteins, such as emerin (see also (2)), which can modulate the mechanical 

properties of the nucleus and induce downstream signalling. (6) External forces can induce chromatin 

stretching, altering polymerase and transcription factor accessibility and activity. (7) Nuclear-pore opening 

and sequestration at the nuclear envelope can modulate localization and activity of transcription factors. 

(8) Forces acting on the nucleus may reposition chromatin domains, altering their transcriptional activity. 

(9) Mechanically induced polymerization of nuclear actin can modulate the export and activity of the 

transcriptional regulator MKL1, and affect other nuclear processes that require monomeric actin. 

Reproduced with permission from Kirby and Lammerding (2018)53.  

 

Finally, while integrin mediation is the most well-studied mechanotransduction path and the 

one driving cell response in this thesis, it is not the only one61. Piezo channels were described a 

decade ago as highly conserved plasma membrane channels that turn active or inactive in 

response to forces such as shear stress or membrane stretching62. Like integrins, they interact 

closely with the cytoskeleton63 and are a two-way street, with intracellular signals regulating their 

activity and sensitivity64. Piezo channels are a regulator of cell function in many mammalian 

physiological settings such as hearing, neuron sensing, blood vessel integrity, wound healing, 
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metabolism, touch sensation and proprioception, as well as development65–70. Other 

mechanosensitive membrane channels have been identified, namely from the two-pore 

potassium (K2P) and hyperosmolarity-gated calcium-permeable (OSCA/TMEM63) families71–73. 

 

1.3.  Tailoring nanoscale cell-matrix interactions 

Given the importance of nanoscale cell-matrix interactions in modulating global cell 

behaviour, in the past decades there have been sustained efforts to develop in vitro systems that 

allow their tailoring, be it to observe cell response to specific cues or to induce a desired cellular 

phenotype7,74,75. Adhesion-mediated cell response depends primarily on the substrate’s 

functionalization (ligand presentation) and mechanical properties, reviewed here. 

1.3.1. Ligand presentation 

The density, order and type of biochemical ligands in the cellular substrate have been widely 

studied regarding their effects on cell behaviour. Over the past two decades, advances in 

fabrication technologies have allowed for the production of cell culture materials in which ligand 

presentation can be precisely tuned at the nanoscale76–82. To investigate integrin-mediated 

response, extracellular ligands can be patterned on biologically inert substrates such as 

polyethylene glycol (PEG) or poly-lactic acid (PLA), so that the resulting cell behaviour can be 

attributed to ligand sensing. Block-copolymer micelle nanolithography was used to generate 

hexagonal patterns of gold nanodots coated with cyclic RGD peptides. Although each nanodot 

contained multiple peptides, it constituted one single binding site for the cell, given its 8-nm size 

similar to that of integrins. This system revealed that interligand spacings above a 58 to 73 nm 

threshold inhibit cell attachment and spreading on the substrate, due to impaired integrin 

clustering83. Large nanospacings thus prevent the recruitment of adhesome proteins and the 

formation of focal adhesions84, as well as cell protrusion and migration85. When seeded on 

gradients of varying interligand distance, cells polarize and migrate towards the region of shorter 

spacing86. Finally, researchers measured the force required to detach cells from the substrate at 

different ligand densities. This force was 14 times higher on substrates with an interligand spacing 

of 50 nm than of 90 nm, although ligand surface density is only 3 times greater in the former. This 

is due to cells being able to generate mature focal adhesions only on the substrates of shorter 

spacing87. To  decouple the effects of ligand spacing from the inherent cell spreading that it 
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mediates, MSCs were seeded on cell-sized island of RGD nanopatterns, revealing that ligand 

spacing regulates differentiation independently of cell size88. 

Beyond interligand spacing, other factors such as ligand disposition are paramount in 

modulating cell response. At mean interparticle distances greater than 70 nm, disordered 

nanopatterns sustain cell adherence, and particularly cell spreading, much better than ordered 

ones. This is because disordered patterns present local interligand spacings shorter than 70 nm, 

where cells can attach and spread, even if the global average spacing is greater than the threshold 

(because other local spacings present even larger values). Interestingly, cells present similar 

morphologies on ordered and disordered patterns with a short mean interligand spacing (58 nm), 

showcasing the biological relevance of the 70-nm approximate threshold for effective adhesion 

formation89. The observation that cells respond positively to disordered ligand dispositions 

opened the door to the use of uneven rather than highly ordered nanopatterned cell culture 

substrates, potentially facilitating their production in research laboratories. In this thesis we 

employ nanopatterned substrates with a liquid-like order and we name them according to the 

percentage of surface area that contains mean interligand spacings below 70 nm. It should be 

noted that the 70-nm threshold to sustain adhesion formation holds true only on stiff substrates, 

as discussed in the next section.   

Although RGD remains the most widely used ligand in sensing studies, several other ligands 

can also engage integrin receptors and potentially affect cell differentiation90. Substrates have 

also been designed with more than one cell ligand, intended to modulate adhesion and induce 

differentiation, showing that integrin crosstalk with other molecules such as growth factors is also 

a factor to be considered when designing cell culture platforms91–93.  

1.3.2. Substrate stiffness 

Cells sense ECM stiffness through the cytoskeletal forces that result upon applying pressure 

to it or pulling from its ligands, as the ECM resists deformation94. It was recently demonstrated 

that cells actually sense substrate rigidity through the varying rate of force loading at adhesions95. 

Thus, integrins act as a mediator not only of adherence signals such as ligand density and spacing, 

but also of the ECM’s mechanical properties9,12.  

Engler and colleagues were among the first to demonstrate that tuning substrate stiffness 

(within an elastic regime) is sufficient to induce mesenchymal differentiation towards tissues with 

native stiffness in the same range as the substrate. Moreover, if cells are cultured on a substrate 
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for several days, they become committed to the fate determined by substrate stiffness, which is 

not overridden even by posterior chemical stimuli inducers of another lineage. Cells on stiffer 

substrates form more punctuate paxillin adhesions and more organized F-actin fibres, and present 

increased cortical stiffness. Inhibiting F-actin contractility erases the effect of substrate stiffness 

on cell differentiation, showing that it is indeed transmitted through cytoskeletal tensions96. 

The fact that stiffness is detected through the same receptors as adhesiveness explains why 

both parameters, studied independently, tend to have similar effects on cell behaviour. For 

instance, cells respond to stiffer substrates by engaging more integrins and generating larger 

adhesions; and tend to migrate towards stiffer areas of substrates (durotaxis) as they do towards 

more adherent ones (haptotaxis). This paradigm opens the door to designing biomaterials 

focusing on functionalization (ligand presentation) rather than, or alongside, the mechanical 

properties of the substrate or scaffold97. Therefore, researchers have developed in vitro platforms 

to control both substrate stiffness and ligand nanopatterning as independent variables, in order 

to decouple the effects of each factor and study the relation between them. For this purpose, cell 

culture substrates are frequently based on hydrogels such as polyacrylamide, the stiffness 

(Young’s modulus) of which can be modulated through the concentration of crosslinker, providing 

different degrees of polymerization. Hydrogels can then be functionalized with proteins or ligands 

at the corresponding densities98–100. Using fibronectin-coated polyacrylamide hydrogels revealed 

that the substrate’s Young’s modulus determines cell differentiation only at an intermediate 

protein concentration, whereas at low and high protein densities MSCs respond according to 

ligand availability but independently of substrate stiffness101.  

Nanopatterned hydrogels of varying stiffness and ligand density were used to describe how 

integrin adhesions mediate the combination of both inputs together, in what is known as the 

molecular clutch model. By this model, the 70-nm threshold to sustain large adhesions is relevant 

only for stiff substrates, whereas cells on soft substrates generate adhesions at large rather than 

small interligand spacings. This is due to individual clutches (each ligand-integrin-talin-actin 

sequence) being able to withstand only a certain amount of tension before they trigger a 

mechanosensing signal to recruit more integrin receptors. On stiff substrates, as tension builds, 

the presence of free ligands around the site allows for further integrin clustering and the 

formation of a larger adhesion with more clutches, which in turn can collectively sustain higher 

loads. With low ligand densities, integrins cannot be recruited and the existing clutches disengage 

due to overbearing loads. However, on softer substrates where individual clutches do not sustain 
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such large forces, clutches are more likely to pass the mechanosensing force threshold if there 

are no other clutches nearby to share the applied load. A high ligand density on a soft substrate 

will result in an even distribution of low tensions among clutches, preventing them from activating 

integrin recruitment and thus impairing adhesion growth. Therefore, the model shows that there 

is an optimal substrate rigidity that promotes adhesion growth, and that this rigidity increases 

with ligand density. The specific threshold values depend on factors such as cell type102.  

Molecular clutch dynamics regulate cellular mechanotransduction events103 and 

differentiation: Soft hydrogels with a high interligand nanospacing allow for more integrin 

molecules to be recruited at ligand sites, thus inducing mechanotransduction and MSC 

osteogenesis similarly to stiffer substrates104. 

1.3.3. Nanotopography  

Cell behaviour and differentiation is affected by other environmental factors such as 

substrate topography, which are largely independent of local adherence and thus fall outside of 

the framework of this thesis. In an early study, Dalby and colleagues reported that surface 

nanotopography determines the ability of cells seeded on it to attach and spread, affecting their 

cytoskeletal conformation105. They subsequently demonstrated the induction of bone 

mineralization solely through a rearrangement of substrate nanotopography with 100-nm deep 

pillars106,107. Other topographical features can also drive cell behaviour: Groove-ridge patterns 

with a periodicity of 650 nm increase MSC differentiation to both adipocytes and osteocytes108 

and also facilitate iPSC differentiation109, whereas aligned fibrous nanostructures induce cellular 

elongation and differentiation towards myogenic lineages110. In our case however, topography is 

not altered by dendrimer nanopatterning, given their small height (around 4 nm) compared to 

the topographical features of the aforementioned studies111,112.  

 

1.4.  Dendrimer-nanopatterned cell culture substrates 

The Nanobioengineering Group at IBEC has previously developed cell culture substrates 

nanopatterned with cell-binding ligands in the form of dendrimers, synthesized by Prof. Yolanda 

Vida and Prof. Ezequiel Pérez-Inestrosa at the University of Málaga111–113. Dendrimers are 

polymeric macromolecules composed by a repetitive sequence of monomers, also called 

branching units, extending radially from the molecule’s core114. Each of the monomers at the 

outer layer of the dendrimer can be covalently functionalized. Rather than precisely controlling 
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the sites of ligand binding on the substrate, the method used here consists in submerging low-

charged biocompatible surfaces, such as gold or poly-L-lactic acid (PLLA), in an aqueous solution 

of polyamidoamine (PAMAM) G1 dendrimers functionalized with the cell-adhesive peptide RGD 

(Fig. 1.5a). Although each dendrimer presents eight copies of the RGD ligand, it provides a single 

site for integrin receptor binding, given that the integrin-RGD complex is up to 12 nm in size115, 

while dendrimers present a smaller diameter of 4-5 nm.  

Dendrimers adsorb on the submerged substrate until an equilibrium is reached between 

surface dendrimer density and dendrimer concentration in solution116. The adsorption process is 

initially governed by the electrostatic charges between dendrimers and the surface (hence the 

use of a low-charged substrate to facilitate adsorption). As dendrimers deposit on the surface, 

further adsorption becomes progressively more difficult due to repulsion between dendrimers. 

Thus, final dendrimer density on the substrate depends not only on the initial concentration of 

the solution, but also on the time of functionalization and the dynamics of the surface-solution 

equilibrium117 (Fig. 1.5b). Since we fixed the time of functionalization to 16 h and always employ 

PLLA substrates, we modulate surface ligand density by adjusting the concentration of dendrimer 

in solution. Because of the aforementioned factors, final surface density does not increase linearly 

with initial dendrimer concentration (Table 1.1).  

Figure 1.5. Dendrimer surface adsorption. a) Molecular structure of a PAMAM G1 dendrimer 

functionalized with 8 RGD groups. One RGD is shown full and the rest are abbreviated. b) Example of mass 

adsorption from a liquid solution onto a surface over time.  

 

 The main advantages of this protocol are its relative ease and speed compared to other 

nanopatterning methods, that it does not require any specialized nanofabrication equipment, and 

that it facilitates the large-scale or bulk production of substrates in the laboratory, thus being fully 

compatible with regular cell culture protocols. Moreover, since dendrimers can be functionalized 

with different molecules through an amide bond, it can be extended to the study of ligands other 
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than RGD. As a counterpart, it does not allow to precisely modulate the nanoscale organization 

(spatial disposition) of ligands, although the liquid-like order in which dendrimers adsorb can be 

predicted and characterized. The protocol could also realistically be expanded to produce 

substrates with micropatterned ligand-containing sections amid a ligand-free surface.  

Previous studies functionalized dendrimers with cell-interacting moieties in their outer 

sphere, and deposited them onto surfaces118,119. These substrates were used to study cell 

adhesion120,121, morphology122,123 and migration124,125. However, the lack of precise surface 

characterization in these studies makes it difficult to establish a correlation between dendrimer 

surface configuration and cell response. Dendrimer-nanopatterned substrates were 

characterized at the Nanobioengineering Group through atomic force microscopy (AFM), 

scanning tunnelling microscopy (STM) and X-ray photoelectron spectroscopy (XPS)111–113. Since 

dendrimers are unevenly distributed in the nanopatterns, quantifying the mean interligand 

distance over a large substrate would not be representative of ligand density available to cells at 

local sites. Instead, AFM height images were thresholded to obtain particle positions, from which 

local minimum interparticle distances (dmin) were calculated. These were plotted in the z-axis of 

particle position maps and the corresponding contour plots were constructed.  We then take the 

average percentage area covered with ligands at a spacing lower than 70 nm (the threshold for 

an efficient cell adherence on stiff substrates, as discussed above) as the defining characteristic 

of each substrate. In this way, we obtain substrates with three levels of global adherence: low 

(only 18% of the surface area covered with dendrimers at less than 70 nm), intermediate (45% of 

the area considered as adherent) and high (90% of adherent area). We also name each kind of 

nanopatterned substrate according to this number: S18, S45 and S90, respectively (Fig. 1.6, Table 

1.1). 
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Figure 1.6. Uneven nanopatterns of RGD dendrimers. a) Representative atomic force microscopy (AFM) 

images of nanopatterned substrates. The colour legend indicates height, from 0 nm to the corresponding 

maximum values. b) Three-dimensional renderings of nanopatterned substrates showing minimum 

interparticle distance (dmin) contour plots, as indicated by the colour legend and substrate heights. Adapted 

with permission from Lagunas et al. (2017)111. 

 

Table 1.1. Nanopatterns characterization. Data retrieved from Lagunas et al. (2017)111 

 

 

1.5.  Repairing musculoskeletal tissues 

The musculoskeletal system is a group of tissues that physically support the human body, 

allow it to move and protect vital organs. Musculoskeletal tissues include bone, ligament, 

cartilage, tendon and muscle. Skeletal bones confer the body with its stable three-dimensional 

structure, sustaining other tissues. Adjacent bones are connected by ligaments at the joints (such 

Nanopatterned 

substrate 

Dendrimer Ci 

(% w/w) 

Mean interligand 

distance (nm) 

% adherent area  

(dmin < 70 nm) 

S90 2.5 x 10-8 58 ± 1 90 ± 2 

S45 10-8 63 ± 8 45 ± 7 

S18 4 x 10-9 71 ± 5 18 ± 11 
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as elbows and knees), where articular cartilage prevents direct friction between them. Tendons 

connect bones to skeletal muscle, allowing us to voluntarily flex our joints126.  

Musculoskeletal conditions are the leading cause of  disability worldwide127,128. Cartilage, 

tendon and bone are among the most frequently injured tissues in the body129–132. While many 

musculoskeletal conditions can be managed in primary care or through conservative therapies 

(such as lifestyle modifications or tailored exercise), some of them require surgical intervention133. 

In these cases, and especially in tissues with a limited capacity of self-repair such as cartilage and 

tendon, there is a need for improved cell-based therapies to promote regeneration. Up to 30% of 

tendon injuries require surgery after unsuccessful conservative therapies, but patients still face 

prolonged recovery periods and high rates of re-injury alongside high levels of pain134,135. In order 

to repair cartilage damage, there are three main surgical techniques: microfracture, which 

induces the production of fibrocartilage  (more brittle and prone to re-injury) rather than hyaline 

cartilage136; mosaicplasty, in which whole sections of cartilage tissue are removed from healthy 

areas and implanted into the injured sites137; and autologous chondrocyte implantation (ACI), 

which consists of extracting chondrocytes from the patient and then injecting them to induce 

tissue formation138. A variation of the last one is matrix-induced autologous chondrocyte 

implantation (MACI), in which cells are implanted into the tissue loaded in a biomaterial, such as 

a biodegradable hydrogel139. In severe cases, whole joint replacement might be required. 

While the aforementioned techniques can be suitable for locally injured cartilage, they are 

not indicated for cases of extensive damage such as osteoarthritis (OA), a prevalent 

musculoskeletal disease entailing the progressive degradation of articular cartilage. OA results in 

subsequent damage to the subchondral bone, causing significant pain and mobility loss140,141. 

Chondrocytes extracted from a donor dedifferentiate in culture, limiting the possibilities for 

expansion (to increase the number of available cells) before implantation142. Thus, current 

treatments for OA are mostly palliative, as they only attempt to temporarily reduce the symptoms 

without solving the disease. Being available for extraction, expansion and differentiation, stem 

cells emerge as a promising alternative. 

During embryonic development, the mesenchyme is a transient structure comprised of 

loosely attached cells in a protein-rich extracellular matrix (ECM). As the main pool of 

undifferentiated cells in the mesodermal germ layer, the mesenchyme originates most of the 

body’s connective tissues, including those of the musculoskeletal system such as cartilage, tendon 

and bone. Mesenchymal Stem Cells, also known as Multipotent Stromal Cells or Medicinal 
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Signalling Cells (MSCs)143 are the only reminiscence of mesenchyme still present in the stroma 

(connective tissue) of adult organisms; they are available for extraction and purification from 

tissues such as fat and bone marrow144. MSCs are characterized by their self-renewal capacity and 

their multipotent differentiation potential, properties that are sustained in their niche within the 

corresponding adult tissue145–148. The International Society for Cellular Therapy proposed three 

conditions that cells should fulfil to be categorised as MSCs in vitro: Be adherent to plastic culture 

substrates; express certain protein markers at the cell surface (CD105, CD73 and CD90, indicative 

of stemness) but not express certain others (such as CD45, CD34, CD14/CD11b and CD79α/CD19, 

specific of differentiated cell types); and have the capacity to differentiate to osteoblasts, 

adipocytes and chondroblasts (as a measure to determine their multipotent potential)149.  

MSCs hold potential for translation to therapies in clinical scenarios, one of the main reasons 

being that their use is considered more ethically acceptable than that of embryonic stem cells 

(ESCs). Since they are generally restricted to differentiation towards mesodermal lineages, MSCs 

are also safer than ESCs for clinical applications; for instance, they do not form teratomas150. 

However, some reports show that MSCs can differentiate to non-mesodermal fates such as 

hepatocytes, pancreatic cells and neurons151–153. These properties of MSCs, together with the fact 

that they are angiogenic and antiapoptotic, make them a promising choice to promote the 

regeneration of connective tissues such as cartilage, tendon and bone154–156. Moreover, MSCs are 

immunomodulators capable of reducing the immune response, which gives them great potential 

as inducers of tolerance in cell and organ transplantation procedures, in which they could help 

resolve the important issue of rejection157. Since MSCs tend to migrate towards wounded or 

diseased tissue, they could be used as vectors to deliver therapeutic compounds and for gene 

therapy applications158. This is also facilitated by the fact that MSCs are relatively easy to transfect 

using both viral and non-viral vectors (the latter ones with a lower transduction efficiency, but 

safer for potential clinical use)150.  

Due to their promising therapeutic properties, extensive research has been conducted on 

the use of MSCs to treat lesions and degenerative diseases of musculoskeletal tissues. While adult 

MSCs can be obtained from tissues such as bone marrow, adipose-derived MSCs are considered 

advantageous thanks to their higher number and easier extraction from the patient or donor159. 

The main hurdle for their use in a clinical setting is that their differentiation is difficult to 

modulate; past studies show that MSC implantation in vivo can be ineffective or lead to 

complications such as calcification, fibrogenesis, or the formation of heterotopic tissues160–163. 
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MSCs should therefore be precisely directed towards the desired tissue prior to and during 

implantation139. Recent research in this sense verses mostly on the use of scaffolds or hydrogels 

that mimic the chemical and mechanical properties of native tissue, so that cells will adapt to the 

tailored environment by forming the corresponding target tissue142,164–171. For instance, one single 

population of MSCs can differentiate towards the osteogenic and chondrogenic fates in parallel, 

depending on whether cells are seeded on a nanopatterned poly(ε-caprolactone) surface or 

embedded into a hyaluronan hydrogel, respectively172. This approach is particularly relevant in 

tissue engineering strategies that aim to reproduce native conditions as a model in vitro, or to 

generate a final construct to implant in the patient.  

Another strategy to design MSC-based regenerative therapies is to take cells only until the 

early stages of differentiation (predifferentiation), rather than to a fully developed tissue that 

might be more difficult to integrate into the damaged environment in vivo173. For instance, bone- 

and adipose-derived MSCs that are fully differentiated to chondrocytes in vitro can then 

mineralize and generate undesired bone grafts when implanted in vivo174–176. On the other hand, 

MSCs predifferentiated to chondrogenesis or osteogenesis, and then encapsulated in hydrogels 

with the aim to generate adjoining cartilage and bone tissues, generate constructs more similar 

to native tissue if they undergo 7 rather than 14 days of predifferentiation177. Therefore, there is 

interest for engineered materials that guide the initial steps of stem cell differentiation towards 

musculoskeletal lineages. In order to tune substrate properties to each of these tissues, more 

fundamental knowledge is needed about the extracellular cues that mediate cell functions in each 

case. In this thesis we analyse the impact of nanoscale ligand density on MSC behaviour and 

differentiation towards cartilage, tendon and bone. 

The design of appropriate stem cell carrier matrices, based on the physiology of the native 

tissue and stem cell requirements, is of capital importance for cell differentiation and 

transplantation. A platform that allows cells to undertake the initial stages of development in a 

similar manner as in native conditions will stand a better chance of translation to regenerative 

therapies of that tissue. Relevant factors in early morphogenesis, which should be considered in 

the design of biomaterials, include spatial cell positioning and intercellular interactions. One of 

the first steps in the development of many tissues is mesenchymal condensation, in which MSCs 

come together to form multicellular clusters that will set the foundations of development178 (Fig. 

1.7).  
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Figure 1.7 Mesenchymal condensation. a) Mesenchymal cells are first induced by epithelial signalling 

molecules through diffusion, close interaction with the basement membrane or direct cell–cell interaction. 

b) Condensation is then initiated by a signalling pathway involving neural cell adhesion molecules (NCAM) 

and N-cadherin. c) A boundary surrounding the condensed cells is then established which permits d) 

growth of the condensation from incoming cells that adhere to the condensation and cells undergoing 

proliferation within the condensation. Signalling molecules involved in each step are color-coded for the 

location in which they appear. Grey, dark blue, green, and light blue correspond to epithelial cells, 

condensed cells, the condensation boundary, and mesenchymal cells, respectively. Reproduced under a 

Creative Commons license (CC BY 4.0) from Giffin, Gaitor and Franz-Odendaal (2019)178. 

 

Condensation is an important step in the formation of musculoskeletal tissues, in particular 

cartilage and bone. This process is mediated by complex intercellular mechanical and chemical 

communication networks. Since signalling in multicellular networks is strongly influenced by the 

system architecture, the cell carrier should allow the establishment and maintenance of cell-cell 

interactions during the different stages of MSC differentiation. With this end, we apply surface 

nanopatterning to modulate cell-biomaterial nanoscale adherence and provide the initial 

architectural requirements to better mimic the native structure of musculoskeletal tissues. 
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1.6.  Objectives 

The objectives of this thesis are as follows:  

- Determine whether and how nanoscale local ligand density regulates mesenchymal 

condensation during early cartilage formation.  

- Study how local ligand density modulates the structure of prechondrogenic condensates, as 

well as their mechanical stability.  

- Unveil the effects of local ligand density on intercellular communication networks in 

prechondrogenic condensates, and the principles of the biological mechanism driving this 

regulation.  

- Identify the nanopattern configuration that promotes the differentiation of mesenchymal 

stem cells towards three musculoskeletal lineages: cartilage, tendon and bone.  

- Find how cell-substrate adhesion and cellular morphology mediate differentiation to 

musculoskeletal tissues according to local ligand density and cell fate.  

- Overall, advance in the development of in vitro platforms to induce effective cell 

differentiation towards cartilage, tendon and bone. 
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1.7.  Chapter abstracts 

After the Introduction and Methods (Chapter 2), this thesis is structured in three chapters 

where we employ dendrimer-nanopatterned substrates to modulate and study cell behaviour in 

developmental settings of musculoskeletal tissues: 

Chapter 3: Dynamics of stem cell migration and condensation  

Single and collective cell migration are an essential part of biological processes such as tissue 

development, wound healing, and disease. In the first stages of cartilage formation, mesenchymal 

stem cells gather into clusters that set the structural bases for subsequent steps in 

morphogenesis. This process of mesenchymal condensation is limited by the ability of cells to 

migrate across the extracellular environment and establish cell-cell contacts. We live-imaged the 

onset of chondrogenesis on nanopatterns of cell-adhesive matrix ligand and found that local 

ligand density modulates both single and collective stem cell migration through directionality and 

velocity, impacting the rate of cell-cell collisions. The progressive transition from single cells to 

multicellular condensates is also guided by cell-cell contacts mediated by N-cadherin and gap 

junctions. While cells on nanopatterned substrates present an amoeboid mode of migration, 

those on protein coatings show mesenchymal morphologies and tend to form a nematic-like 

monolayer with topological defects. We pose that, once two cells collide on nanopatterned 

substrates, mesenchymal condensation is regulated by the balance between contact inhibition of 

locomotion (cells resuming single migration) and contact following of locomotion (cells 

establishing a new condensation unit). 

Chapter 4: Condensate structure and intercellular communication  

Gap junction intercellular communication (GJIC) provides a continuous and efficient flow of 

biological information during tissue formation and is essential to sustain homeostasis and 

function in living organisms. This mode of intercellular communication is particularly important in 

avascular tissues such as cartilage. We use nanopatterned substrates to study how local ligand 

density modulates the structure, mechanical stability and protein network architecture within 

multicellular mesenchymal condensates in early chondrogenesis. We show that nanopatterns of 

high ligand density facilitate condensate growth and generate condensates that are more stable 

in culture, as well as increasing cell compaction in them. These results are not explained by 

cadherin-mediated cell-cell adhesions. We then demonstrate that high local ligand density 

nanopatterns promote gap junction protein expression and improve the architecture of the 
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intercellular protein network. By a tracer uptake assay, we demonstrate that high local ligand 

density promotes GJIC in mesenchymal condensates. We then design a condensate 

transplantation assay and show that cell sensing of ligand density is a continuous process, with 

cells responding to changing substrate conditions even if they are not in direct contact with it. 

Finally, we confirm that substrate information is sensed by integrin adhesions and propagated 

into the forming tissue through cytoskeletal contraction. 

Chapter 5: Adhesion, cell shape and differentiation to musculoskeletal lineages 

Injuries and conditions of musculoskeletal tissues such as cartilage, tendon and bone are 

among the main causes of disability worldwide; there is an urgent need for improved cell-based 

regenerative therapies of these tissues. As an application of nanopatterned substrates to guide 

stem cells towards musculoskeletal fates, here we induce cell differentiation to each of these 

three lineages to unveil the optimal local ligand density that promotes it. Nanopatterns of high 

local ligand density promote chondrogenic differentiation through nuclear translocation of a 

mechanosensitive transcriptional activator. The same nanopattern configuration also promotes 

osteogenesis, although in this case cells form smaller adhesions than on low- and medium-density 

substrates. Tenogenesis is seemingly not affected by substrate ligand density. Given that tension 

exerted from cell membrane receptors is transmitted by the cytoskeleton to the cell nucleus, we 

analyse nuclear morphology on each condition according to cell fate. For chondrogenesis, we find 

that cells respond to initial increases in adhesion size with elongated nuclei; as adhesion size 

increases, nuclei regain a circular shape. In the case of tenogenesis, there is no relation between 

adhesion size and nuclear circularity, indicating that adhesions are equally distributed around the 

cell on all substrates. For osteogenesis, we find that nuclear deformation increases with 

decreasing adhesion size. We pose that cell response to nanoscale ligand density depends on both 

size and distribution of integrin adhesions around the cell, in a different manner for each of the 

three analysed lineages, and that nuclear stretching modulates the observed effects on 

differentiation. 
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Unless otherwise stated, all experimental procedures were conducted at the 

Nanobioengineering Group laboratory and Core Facilities at the Institute for Bioengineering of 

Catalonia (IBEC). Confocal microscopy was conducted at the Advanced Digital Microscopy (ADM) 

unit at the Institute for Research in Biomedicine (IRB Barcelona). Except for live imaging 

experiments, epifluorescence microscopy was conducted at the ADM and at the Molecular 

Imaging Platform (MIP) at the Molecular Biology Institute of Barcelona (IBMB). All facilities are 

located at the Barcelona Science Park (PCB).  

2.1. Production of PLLA-coated substrates 

Corning® glass microscopy slides of 7.5 x 2.5 cm (Sigma-Aldrich, 2947-75X25) were cut with 

a diamond-tip cutter to square pieces of 1.25 x 1.25 cm. A small L-shaped indentation was made 

on the lower side to distinguish it from the upper side in subsequent steps. Slides were washed 

thoroughly with deionized water (18 MΩ·cm Milli-Q, Millipore) followed by 96% ethanol and air-

dried.  

A 2% m/v solution of 95/5 L-lactide/DL-lactide copolymer (PLLA, Corbion) was prepared by 

adding 200 mg of solid polymer to 10 ml of 1,4-dioxane (Sigma-Aldrich, 296309) in a pressure tube 

with a magnetic stirring bar. The tube was placed in a silicon oil (Thermo Fisher Scientific, 

174665000) bath on a hot plate at 60°C with gentle stirring (300 rpm) overnight, and the solution 

was transferred to a 15-ml vial for storage at room temperature.  

Glass substrates were spin-coated with the PLLA solution in a class 10,000 clean room (the 

MicroFabSpace at IBEC). Slides were placed on a hot plate at 60°C for at least 10 min to dry. Each 

slide was fixed on a spin-coater with vacuum (Laurell Tech, WS-650MZ 23NPP/LITE) and 200-250 

µl of PLLA solution were added with a Pasteur pipette, covering the whole surface (Fig. 2.1). Slides 

were coated with a two-step program: 5 s at 500 rpm with an acceleration of 300 rpm/s (to 

eliminate excess solution and spread the remaining solution homogeneously on the surface) 

followed by 30 s at 3000 rpm with an acceleration of 1500 rpm/s1,2.  

2.2.  Nanopatterning of RGD-Cys-D1 dendrimers 

All steps were performed in a sterile tissue culture hood, and only sterile materials, solutions 

and techniques were used. Spin-coated PLLA substrates were treated for 13 min under UV light 

(Fig. 2.1). Each substrate was placed in one well of a 12-well culture plate with tweezers 

(previously cleaned with ethanol and sterilized with UV light).  



Chapter 2 

60 
 

RGD-Cys-D1 dendrimers were kindly provided by Prof. Yolanda Vida and Prof. Ezequiel 

Pérez-Inestrosa (University of Málaga), shipped to IBEC in powder form and stored at -20°C until 

use. Deionized water was used to prepare RGD-functionalized dendrimer solutions. A stock 

solution was prepared by dissolving the solid dendrimer in water. An intermediate solution and 

three working solutions were prepared from it as detailed in Table 2.1. Dendrimer solutions were 

stored at -20°C for up to 6 months. They were always completely thawed and sonicated for 10 

min in an ultrasound bath just before use.  

Table 2.1. Preparation of RGD-Cys-D1 dendrimer solutions  

 

Dendrimer solutions were filtered through a 0.22 μm Millex RB sterile syringe filter (Merck 

Millipore) attached to a syringe and applied directly on the substrates (2 ml/well, Fig. 2.1). If 

necessary, substrates were gently pushed to the bottom of the well with a pipette, taking care 

not to scrape the PLLA coating. Plates were sealed and left at room temperature overnight (16 h). 

Solutions were removed, substrates were washed with sterile deionized water and left to dry on 

air for a few minutes. They were stored at 4°C for up to one month in a sealed culture plate.  

Fig. 2.1. Steps of substrate coating and nanopatterning. From left to right: Cut glass slides before coating, 

PLLA solution being placed on a slide attached to a spin coater, slides irradiated with UV light in a cell 

culture hood, and dendrimer solutions being applied on the slides through a syringe and filter. Adapted 

with permission from Casanellas et al. (2018)2. 

Solution Concentration (mg/ml) Dendrimer (mg) MQ water (ml) 

A (stock) 0.77 5 6.494 

 Concentration (% w/w) Dendrimer (µl)  

B (intermediate) 10-5 0.78 of Sol. A 6 

C 2.5 x 10-8 15 of Sol. B 5.985 

D 10-8 6 of Sol. B 5.994 

E 4 x 10-9 2.4 of Sol. B 5.998 
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Fibronectin-coated substrates (SFN) were produced by incubating PLLA substrates in 

fibronectin from bovine plasma solution (Sigma-Aldrich, F1141) 100 μg/ml in phosphate buffered 

saline (PBS, Gibco, 21600-10) for 1 h at room temperature, just before cell seeding. 

2.3.  Cell culture  

Human adipose-derived MSCs (ATCC, PCS-500-01) from a 38-year-old female donor were 

cultured in T75 flasks at 37˚C and 5% CO2 in growth medium, consistent of MSC Basal Medium 

(ATCC, PCS-500-030) supplemented with MSC Growth Kit Low Serum (ATCC, PCS-500-040) and 

0.1% v/v penicillin-streptomycin (P/S, Invitrogen, 15140). Medium was replaced every 2-3 days. 

Passaging was carried out when cells reached 70-80% confluence. Cells were rinsed with PBS and 

trypsinised with 5 ml of trypsin-EDTA for 4 min at 37˚C and 5% CO2. Trypsin was inactivated with 

5 ml of growth medium, cells were rinsed off the flask, transferred to a 15-ml centrifuge tube and 

centrifuged for 5 min at 200-300 rcf. The supernatant was discarded and the pellet was 

resuspended in 5-10 ml of growth medium. Cells were counted in a Neubauer chamber by 

pipetting 10 µl of freshly resuspended solution into each of the two counting chambers. In each 

of the four quadrants (delimited by triple lines) of each chamber, cells were counted if they were 

completely contained within the quadrant or in contact with the upper or left sides, but not if 

they were outside of the quadrant or in contact with the lower of right sides. The sum of the cell 

count numbers of both chambers was divided by eight quadrants and multiplied by 10,000 to 

obtain the concentration of cells per ml in the cell suspension.  

For passaging, 500,000 cells were seeded in each fresh T75 flask. For experiments other than 

live imaging, cells were trypsinised at passages 3 to 4, counted, resuspended in the corresponding 

medium (Table 2.2.) with 0.1% v/v P/S, and seeded on substrates at a density of 3,000 cells/cm2 

in non-treated 12-well plates (VWR, 34-0947). Non-treated plates were used to favour adhesion 

to the fabricated substrates rather than to the bottom of the wells. 3 replicates of each condition 

were seeded. Medium was replaced every 2-3 days. 
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Table 2.2 Differentiation media. 

 

 

2.4.  Live imaging 

Prior to imaging, hMSCs at passage 3-4 were rinsed gently with PBS and incubated in growth 

medium with SiR-actin (Tebu-bio, SC001) at 200 nM for 4 h, or 750 nM for 1.5 h. The medium was 

removed and cells were then incubated in growth medium with Hoechst (Invitrogen, H3570) 

1:1000 for 5 min. Cells were rinsed with PBS, trypsinised and seeded on the substrate at a density 

of 38200 cells/cm2 in a glass-bottom microscopy dish (VWR, 734-2906H) in chondrogenesis-

inducing medium. SiR-actin 100 nM was added in the medium to prevent loss of staining during 

imaging. The sample was immediately transferred to the microscope setting, pre-conditioned to 

37°C and 5% CO2. Live imaging was performed in a Nikon Eclipse Ti2-E inverted microscope with 

a Prime 95B sCMOS camera (Photometrics) and an Okolab Cage Incubator, with a 10X objective. 

Images were taken every 6 minutes for the phase contrast, blue and far red (Cy5) channels, for 40 

hours. Samples were kept from ambient light during staining and imaging. Two independent 

samples were imaged and analysed for each condition. 

2.5.  Protrusion measurements 

Filopodia were measured from phase contrast images at 8 h of live imaging. Images were 

scouted for any visible filopodia, which were manually measured along their longitudinal axis on 

Image J.  

 

Lineage Commercial name Maker, reference 

Chondrocyte Chondrocyte Differentiation Tool ATCC, PCS-500-051 

Osteocyte Osteocyte Differentiation Tool ATCC, PCS-500-052 

 Component Maker, reference Concentration 

Tenocyte3 

DMEM + Glucose + L-Glutamine Gibco, 41965-039 Base medium 

Fetal Bovine Serum (FBS) Gibco, 10270106 10% v/v 

Sodium pyruvate Gibco, 11360-039 1 mM 

Growth Differentiation 

Factor 5 (GDF-5) 

R&D Systems, 

8340-G5-050 
100 ng/ml 
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2.6.  Single and collective cell segmentation and tracking 

Live imaging stacks of Hoechst staining were analysed for cell movement. The first 17 frames 

(96 minutes) were removed to omit drifting prior to cell adhesion. Cell nuclei were tracked with 

the TrackMate plugin in ImageJ (version 2.0.0). Nuclei were segmented with the LoG Detector 

setting an estimated blob diameter of 15 µm and a threshold of 4 µm. No further filters were 

applied. The LAP Tracker was used with a maximum frame-to-frame linking distance of 50 µm and 

allowing gap closing to maximum 50 µm over 1 frame. For analysis, frame depth was not limited.  

Analysis of collective cell migration in multicellular condensates was performed on the 

second half (20 to 40 hours) of live imaging Hoechst stacks as described above for single cells, 

except for the following parameters: Condensates were segmented with an estimated blob 

diameter of 70 µm and a threshold of 40 µm, and gap closing was allowed over 3 frames. All 

subsequent steps in track analysis were performed in the same way for single cells and 

condensates. 

2.7.  Trajectory graphs 

Cell and condensate trajectories were graphed with GraphPad Prism 8.0.2. Twenty tracks 

were randomly selected and the trajectories were obtained from the Spots Statistics output in 

the TrackMate analysis. The coordinates of the first spot were subtracted from all spots in each 

track to reference the start to the origin (0,0) in a Cartesian system.  

2.8.  Track analysis 

Tracks with a duration under 3 hours were excluded to avoid skewed results due to 

artificially short tracks. Track net displacement and duration were extracted from the Track 

Statistics output file of TrackMate. Sum trajectory was calculated with R Studio (version 4.0.2) 

from the Links Statistics output file by adding the displacements of all links in each track. Mean 

track velocity was calculated by dividing track trajectory (in µm) by track duration (in minutes).  

To analyse track directionality, tortuosity was obtained as the division between the net 

displacement and the sum trajectory of each track. Turning angles were calculated from the Spots 

Statistics output of TrackMate: Vector components were found by subtracting particle 

coordinates at the start of each 6-minute link from those at the start of the next one (two 

consecutive spots) within each track. The angles between pairs of consecutive vectors were then 

found as (Eq. 2.1):  
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α = cos−1(
𝒖 ∗ 𝒗

‖𝒖‖ ∗ ‖𝒗‖
) 

Equation 2.1. Angle α between vectors u and v. 

 

Angles with values equal to 0° or 180° were excluded to account for static cells. Angles were 

categorized into 15-degree sections according to their value, section percentages were calculated 

and plotted in polar histograms with the Plotly package in R Studio.  

For single cell migration, the number of merge events (cell-cell collisions) per track was 

obtained by running a second TrackMate analysis with the settings as above but allowing track 

merging when nuclei collided at a distance under 30 µm. The number of merge events of each 

track was divided by its duration to obtain an hourly rate of cell-cell collisions.  

2.9.  Actin spread analysis 

Actin was stained in live imaging experiments with SiR-actin as described above. A threshold 

was applied to select for actin staining area, with pixel intensity values from approximately 117 

(manually adjusted according to staining intensity in each live imaging file) to 255. Actin area in 

each frame was automatically measured with the Analyze Particles tool in Image J, selecting for 

particles above 10 μm2. 

The number of nuclei or condensates in each frame was measured from Hoechst staining. 

An automatic threshold was applied and particles from 3 to 3000 μm2 were counted in each frame 

with the Analyze particles tool. Total actin area was then normalised to nuclei or condensate 

number in each frame to obtain the relative area of cell spreading over time. Actin spread was 

quantified in two independent samples for each condition and the average was calculated.  

The mean value (from two independent samples) of actin spread per cell over time was fit 

into a linear model with R Studio, from 2 to 15 h of imaging.  

2.10. Blocking of cell-substrate interactions with dendrimers in solution 

For integrin blocking, RGD-Cys-D1 dendrimers were added to the medium to a final 

concentration of 4x10-9 % w/w. We selected this dendrimer concentration because it yields S18 

substrates. During substrate functionalization, equilibrium is reached between dendrimer 

concentration in solution and adsorbed dendrimer density; hence, use of the concentration 

corresponding to the substrates with the lowest density prevents further adsorption mid-assay. 
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Additional dendrimers will then not adsorb on S90 substrates but rather attach to free integrin 

receptors, blocking their interactions with dendrimers on the surface. 

For integrin blocking during live imaging (Chapter 3), dendrimers were included in the 

chondrogenic medium from the start of imaging. For integrin blocking at day 6 of chondrogenesis 

(Chapter 4), dendrimers were added with a medium change at day 5, 24 h prior to sample fixation.  

2.11. Blocking cell-cell interactions through N-cadherin and gap junctions 

To block N-cadherin or induce gap junction disassembly, we added ADH1 (Abmole, M5202) 

300 µM or 18βGA (Sigma-Aldrich, G10105) 20 µM, respectively, to the chondrogenic medium at 

the start of imaging. We selected these concentrations based on literature4,5 and after observing 

milder effects at lower concentrations (ADH1 200 µM and 18βGA 5-10 µM) but substantial cell 

death at higher concentrations (ADH1 1000 µM and 18βGA 120 µM). 

2.12. Immunostaining 

At the appropriate time point of differentiation induction, cells were carefully rinsed with 

PBS, fixed with Formalin Solution (Sigma, HT5011) for 20 min at room temperature, and rinsed 

again twice with PBS. Aldehyde groups were blocked with 50 mM ammonium chloride (Sigma, 

A9434) in PBS for 20 min. Samples were permeabilized with saponin (Sigma, 47036) 0.1% m/v in 

Blocking Solution (BSA (Sigma, A3059) 1% m/v in PBS) for 10 min.  

Samples were stained with primary antibodies (Table 2.3) in Blocking Solution for 1 to 2 h at 

room temperature. For integrin β1, samples were stained overnight at 4°C. Samples were washed 

with PBS and treated with fluorophore-conjugated secondary antibodies (according to the 

organism of the primary antibody): anti-rabbit Alexa 568 (LifeTech, A11036) and/or anti-mouse 

Alexa 488 (LifeTech, A10667) 1 µg/mL in BSA 1% m/v in PBS for 1 h at room temperature, covered 

from light. For nuclei and actin observation, Hoechst 33342 (Invitrogen, H3570) 1:1000 and 

CytoPainter 488 (Abcam, ab176753) 1:1000 or Sir-actin (Tebu-bio, SC001) 1:3000 were included 

in the secondary antibody solution. Samples were washed with PBS and left to dry on air for 5-10 

min, then placed on a Corning® 7.5 x 2.5 cm microscopy slide. One drop (50 µl) of Fluoromount 

mounting medium (Sigma, HT5011) was added, and a Corning® 1.8 x 1.8 cm coverslip (Sigma-

Aldrich, 2845-18) was placed on the sample avoiding the formation of bubbles. Mounted samples 

were stored at 4°C covered from light. At least 16 h were left to elapse before sample imaging. 
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Table 2.3. Primary antibodies 

 

2.13. Analysis of integrin clustering 

Cells were seeded on three S90 replicates as described above, either in unaltered 

chondrogenic medium (control samples) or with added RGD dendrimers at 4x10-9 %. After 40 

hours in culture, samples were fixed and stained as described above with anti-integrin β1 

antibody (Table 2.3) overnight at 4°C. Samples were imaged in a Leica SPE Upright Confocal 

Microscope (Leica Microsystems) with a 63X objective. The distance between imaged slices (z-

size) was set to 0.7 μm.  

Images were analysed with ImageJ software. For integrin cluster size, a Z-projection of 

maximum intensity slides was created and a threshold was applied to select for staining areas 

(pixel intensity values 110 to 255). The staining threshold was processed with the Analyze Particles 

feature in ImageJ, selecting for particles of 0.1 to 5 μm2. For the histograms of integrin clustering, 

large areas of staining in non-processed images were selected and analysed. Histogram lists for 

each sample were converted to percentage values and the mean percentage value was calculated 

for each intensity value from 0 to 255.  

Type Target protein Reference Organism µg/ml 

Focal adhesions 

Integrin subunit β1 ab30394 Mouse 8 

Paxillin (PXN) 
ab32084 Rabbit 5 

ab23510 Mouse 5 

Focal adhesions, 

adherens junctions 
Vinculin (VCL) ab130007 Mouse 5 

Gap junctions Connexin 43 (Cx43) ab63851 Rabbit 5 

Mechanotransduction Yes-Associated Protein (YAP) sc-101199 Mouse 0.5 

Tenogenesis marker 
Scleraxis (SCX) ab58655 Rabbit 5 

Tenomodulin (TNMD) ab203676 Rabbit 5 

Extracellular matrix Collagen-I (COL-I) ab90395 Mouse 2.5 

Osteogenesis marker 
Osterix (OSX) ab22552 Rabbit 2.5 

Alkaline phosphatase (ALP) ab126820 Mouse 5 
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2.14. Cell viability in condensates 

 Cells were cultured on nanopatterned or fibronectin-coated substrates as described. A 

commercial viability/cytotoxicity cell labelling kit was used for the assay (ThermoFisher, L3224). 

At day 7 of chondrogenesis, samples were washed twice with PBS and stained with calcein AM 

and ethidium homodimer-1 at 4 μM in non-serum containing medium for 40 min at 37˚C and 5% 

CO2. Samples were washed twice with PBS, mounted on microscopy slides, and immediately 

imaged in a Leica SPE Upright Confocal Microscope with a 40X objective. Z-projections of cell 

condensates were produced with Fiji software. 

To test the cell viability after a freeze-thaw cycle, condensates at day 6 of chondrogenesis 

on S90 substrates were carefully washed with PBS and removed from the substrates by rinsing with 

freezing medium (differentiation medium with 10% dimethyl sulfoxide (DMSO)), to avoid a 

centrifugation step. Condensates were directly transferred to freezing vials, left at -80°C in a 

container with isopropanol for 24 h and then transferred to a liquid nitrogen tank for storage. 

Three days later, one vial was thawed, centrifuged 5 min at 200 rcf, resuspended in chondrogenic 

medium and seeded on S90. A cell viability assay was performed after another two days.  

2.15. Analysis of internuclear distance 

Samples were seeded in chondrogenic medium and stained with Hoechst as described. They 

were imaged in a Leica SPE or a LSM780 Confocal Microscope with a 40X or 63X objective. Slides 

in the central region of condensates were selected for analysis and the straight-line horizontal 

distances between the centres of adjacent cells were measured. Condensates from at least 3 

substrates were analysed for each experimental condition.  

2.16. Western blot assay 

At day 6 of chondrogenesis, samples were rinsed with PBS and cells were lysed for 45 min 

on ice with RIPA buffer: 150 mM NaCl, 5 mM EDTA, 50 mM Tris-HCl (Tris base adjusted to pH=7.4), 

1% m/v Triton X-100, 0.1% m/v SDS in MQ water, and 1 pill of EDTA-free Protease Inhibitor 

Cocktail (Roche, 4693159001) added just before use. Cell lysate solutions were transferred to 

Eppendorf tubes and centrifuged at 16100 g for 10 min at 4°C. The pellet was discarded and the 

supernatant was transferred to a new tube and stored short-term at -20°C. Total protein 

concentration was quantified with a Pierce TM BCA Protein Assay Kit (Thermo Fisher Scientific, 

23227) in a Benchmark Plus Microplate Reader (Bio-Rad). 
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Sample protein (5 µg, volume calculated according to each sample’s total protein 

concentration) was mixed with 6.67 µl of loading buffer: 6% m/v SDS, 15% m/v 2-

mercaptoethanol, 30% v/v glycerol, 0.006% m/v Bromophenol blue, 0.125M Tris-HCl in MQ water. 

The volume was adjusted to 20 µl with MQ water and samples were briefly vortexed and spinned. 

Samples were heated to 96°C for 10 min and loaded in each well of an SDS-PAGE gel (Mini-Protean 

TGX Precast Gel 12%, Bio-Rad, 456-1045) along with a protein weight ladder. Protein 

electrophoresis was performed in a vertical cell (Mini-Protean System, Bio-Rad) filled with running 

buffer: 25 mM Tris base, 250 mM glycine, 0.8% m/v SDS in MQ water. Voltage was set at 50 V 

until samples transitioned from the stacking to the running section of the gel, then at 60 V for 1.5-

2 h. 

The resulting gel was transferred to a PVDF membrane (Amersham Hybond, 10600023). 

Membranes were first activated with methanol for 1 min, then washed with transfer buffer: 25 

mM Tris base, 250 mM glycine, 20% methanol in MQ water. The gel and membrane were 

mounted adding transfer buffer between layers and keeping them always wet. They were placed 

in the vertical cell filled with transfer buffer at 4°C and a freezer-cold block, and transferred for 2 

h at 60 V in a cold room at 4°C.  

 After the transfer, the membrane was reactivated with methanol for 30 s, washed with 

MQ water and stained with Ponceau solution: 0.1% m/v Ponceau S, 1% v/v acetic acid in MQ 

water, to observe total transferred protein. The membrane was imaged to quantify total protein 

amount in each lane. Gels and membranes were always manipulated with tweezers around the 

edges, to avoid damaging the protein samples.  

For immunostaining, the membrane was washed twice with Tris Buffer Saline (TBS: 0.1 M 

Tris-HCl, 1% m/v NaCl in MQ water) and twice with TBS-T (TBS with 1% Tween 20), 5 min with 

light shaking per wash, then blocked with 5% m/v dry milk in TBS-T for 1 h. The membrane was 

sealed in a plastic folder and probed overnight shaking lightly at 4°C with 1:300 (3.3 µg/ml) mouse 

anti-VCL (Abcam, ab18058) primary antibody in 3% BSA in TBS-T. The membrane was washed 

three times (10 minutes with light shaking per wash) with TBS-T and incubated with IgG HRP-

linked secondary antibody anti-mouse (Cell Signaling, 7076) in 3% BSA in TBST for 1 h at room 

temperature. The immunoblot was developed using Clarity ECL Western substrate (Bio-Rad, 

1705060). Bands were visualized in an ImageQuant LAS 4000 imager (GE Healthcare). 
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The integrated density of bands was measured with Fiji. Background signal was measured in 

empty areas of the blot and subtracted from the corresponding values. Protein production in each 

lane was normalized to the integrated density of total protein staining. 

2.17. RNA extraction and retrotranscription 

Reverse transcription real-time PCR (RT-qPCR) was performed to measure CDH2, VCL and 

GJA1 expression. All working surfaces and tools were treated with RNAse Zap decontamination 

solution (Thermo Fisher Scientific, AM9780) prior to any steps involving RNA. After 6 and 9 days 

of differentiation, mRNA was extracted from the samples and purified with an RNeasy Micro Kit 

(Qiagen, 74004). Three cell culture replicates of each condition were obtained, with their RNA 

extracted and retrotranscribed. Extracted mRNA of each replicate was quantified in a Nanodrop 

ND-1000 Spectrophotometer (Thermo Fisher Scientific). The same amount of mRNA (75 ng) was 

retrotranscribed for each sample. Reverse transcription for cDNA production was performed with 

an iScript Advanced cDNA Synthesis Kit (Bio-Rad, 1725037) in a T100 Thermal Cycler (Bio-Rad). 

The resulting cDNA samples were diluted by adding 10 µl of water. The same procedure was 

performed on undifferentiated human mesenchymal stem cells (hMSCs) as a reference.  

2.18. qPCR and data analysis 

qPCR was performed with the Sso Advanced Universal SYBR Green Supermix kit (Bio-Rad, 

1725271) in an Applied Biosystems StepOnePlus Real-Time PCR Machine (Thermo Fisher 

Scientific). Commercial primer pairs were used for CDH2 (Bio-Rad, qHsaCID0015189), VCL (Bio-

Rad, qHsaCID0020885), GJA1 (Bio-Rad, qHsaCID0012977) and SOX9 (Bio-Rad, qHsaCED0044083), 

as well as B2M (Bio-Rad, qHsaCID0015347) and RPL24 (Bio-Rad, qHsaCID0038677) as 

housekeeping genes. To prevent amplification of non-transcribed genomic DNA (gDNA), intron-

spanning primer pairs were selected and a DNase digestion step was included during RNA 

extraction.  

All qPCRs were performed on the same amount of cDNA per sample (2.5 ng). The 

amplification program consisted of an initial activation step of 30 s at 95˚C, followed by 50 cycles 

of 10 s at 95˚C for denaturation and 1 min at 60˚C for annealing and extension, and a final 

denaturation step of 15 s at 95˚C. Melt curves were performed from 65˚C to 95˚C in steps of 0.5˚C. 

Technical duplicates of each sample were performed in the qPCR.  

qPCR data were analysed with qBase+ software version 3.1 (Biogazelle, Zwijnaarde, 

Belgium). The expression of each gene was calculated by the 2-ΔΔCt method, normalized to that of 
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undifferentiated hMSCs or to S0 samples (assigned value 1) and presented as relative mRNA 

expression levels. 

2.19. Analysis of condensate area and Cx43 GJIC 

Three replicates of each condition were fixed at the appropriate time points as specified in 

the results section (Chapter 3), immunostained for Cx43 as described above and imaged with a 

Leica SPE Upright Confocal Microscope (Leica Microsystems) with a 40x/1.15 NA objective. The 

distance between imaged slices (z-size) was set at 1 µm. At least 3 cell condensates were imaged 

for each sample. 

Images were analysed with ImageJ software. For condensate size measurements, a z-

projection of each condensate was created, and the whole condensate area was manually 

selected and measured. For the measurement of Cx43 production, confocal z-projections were 

used (maximum stained area per sample). The background of z-projections was removed, and a 

threshold was applied to select areas of Cx43 staining. The obtained total area was normalised 

against the area of the corresponding condensate. 

For the analysis of Cx43 network connectivity, a threshold was applied to the Cx43 confocal 

stack and then it was skeletonized with the Skeletonize ImageJ plugin. The resulting Cx43 network 

was analysed with the Analyze Skeleton plugin to retrieve the number of end-point voxels and 

the mean branch length in each condensate, which were normalised to the Cx43 expression area 

and the number of slices taken for analysis. Cx43 connectivity was calculated as the inverse value 

of the end-point voxels (Fig. 2.2). 
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Figure 2.2. Analysis of Cx43 intercellular communication network architecture. a) Representative 

chondrogenic cell condensate stained for Cx43 (red) and cell nuclei (blue). Scale bar = 50 μm. b) Threshold 

selecting Cx43 expression. c) Skeletonizing of the Cx43 network, from which end-point voxels and mean 

branch length were quantified. d) Schematic of network connectivity quantification as the inverse of end-

point voxels number. White lines represent theoretical networks. Red dots indicate end-point voxels, 

yellow dots indicate new end-point voxels as a results of network splitting. The network on the left is more 

extensively connected than that on the right, and thus contains fewer end-point voxels. e) Zoomed-in 

section from the red square in c. 

 

2.20. Neurobiotin assay 

A tracer assay was performed to analyse the functionality of GJIC networks. Four replicates 

of each condition were seeded in chondrogenesis-inducing medium, as described above. After 6 

days of differentiation, samples were washed with HBSS buffer without calcium or magnesium 

(Life Technologies, 14175095) and treated with neurobiotin 2% m/v (Vector, SP-1120) in HBSS for 

90 s at 37˚C. Samples were then washed with HBSS, fixed with Formalin Solution, permeabilised 

with saponin and stained with Streptavidin-Texas Red conjugate (Life Technologies, S872) and 

Hoechst in BSA 1% m/v in PBS for 1 h at room temperature.  

Samples were imaged with a Leica SPE Upright Confocal Microscope with a 40X objective. 

Images were analysed with ImageJ software. A z-projection of each condensate was created, 

selecting slices only in the central region of condensates, excluding basal and apical slices. The 

background was removed. Distance of neurobiotin spread was measured in a straight line from 

the outer rim of the condensates inwards, in at least two separate locations for each condensate. 
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2.21. Condensate transplantation  

A transplantation assay was performed to study the effects of RGD nanopatterned 

substrates on formed condensates and the propagation of the adhesive information from the 

substrate into cell condensates. Nanopatterns with 18% (S18) and 90% (S90) of local surface 

adhesiveness were used. Cells were cultured on the nanopatterns in chondrogenesis-inducing 

medium as described above. After 3 days, cell condensates formed on the nanopatterns of S90 

were removed by pipetting and transferred to new S90 or S18 substrates. Transplanted 

condensates were cultured on the new substrates for another 3 days, to a total of 6 days of 

differentiation. Six substrates were seeded for each S18 and S90, and condensates from three 

substrates of each origin were transplanted to three fresh S18 or S90 substrates. For each original 

sample, around half of the condensates were transplanted, whereas the other half were kept on 

the original substrate (not transplanted) as a control of unaltered differentiation. 

All samples were fixed at day 6, immunostained, imaged and analysed for Cx43 as described 

above. Cx43 staining of each transplanted substrate was calculated relative to its non-

transplanted substrate of origin. Results were normalised to control S90 condensates (assigned 

value 1) and presented as relative values. 

To visualise condensates from the side, Z-stacks were resliced and one image from the 

centre of the condensate was selected. 

2.22. Myosin inhibition 

Three replicates of each condition were seeded in chondrogenesis-inducing medium as 

described above. Medium was changed to fresh medium with 50 µg/mL blebbistatin (Sigma, 

B0560) 6 h before fixation. Samples were fixed at day 6 of chondrogenesis, immunostained with 

anti-Cx43 antibody, Hoechst for nuclei and Sir-actin for the cytoskeleton, and imaged with a Zeiss 

LSM780 Confocal Microscope (Zeiss Microscopy) with a 40X objective. Cx43 in condensates was 

quantified as described above and normalised to corresponding non-treated samples. 

2.23. Analysis of focal adhesions and nuclear shape 

Three replicates of each condition were seeded in chondrogenesis-, tenogenesis- or 

osteogenesis-inducing medium. Samples were fixed at 24 h of culture and immunostained for 

paxillin as described above, with Hoechst and CytoPainter 488. Samples under chondrogenic 

induction were imaged with a Leica SPE Upright Confocal Microscope (for mesenchymal 
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condensates) or a Nikon E1000 microscope (for SFN samples) with a 40X objective. Samples under 

tenogenic or osteogenic induction were imaged with a Nikon E600 upright manual microscope 

with a 40X objective and an Olympus DP72 colour digital camera. At least three representative 

images were taken of each sample. 

Images were analysed with Fiji. Each fluorescence image was converted to an 8-bit file, the 

background was removed, and the resulting image was converted to binary by setting a threshold. 

Analysis was conducted with the Analyze Particles plugin. In the case of confocal stacks, analysis 

was conducted at the slice closest to the substrate (basal region of the condensate). A lower limit 

of 1 µm2 was set both for FAs area and nuclei quantification. For FAs area quantification, also an 

upper limit of 30 µm2 was applied (Fig. 2.3).  

Figure 2.3. Analysis of focal adhesions. Paxillin-immunostained images were treated and adhesions 

between 1 to 30 µm2 were selected to measure their area. 

 

The nuclear shape index (NSI) was calculated as previously described6 (Eq. 2.2), with the 

Circularity measurement in Fiji.   

NSI =  
4π ∗  Nuclear area

Nuclear perimeter2 
 

Equation 2.2 Nuclear shape index 

 

2.24. Analysis of YAP nuclear translocation 

Three replicates of each condition were seeded in chondrogenesis-inducing medium as 

described above. Samples were fixed after 6 hours and 3 days culture, immunostained for YAP 

and imaged with a Zeiss LSM780 Confocal Microscope with a 63X objective. YAP nuclear 

translocation ratios were quantified in Fiji by measuring the average staining intensity in two 

areas of the same size, inside and just beside the nucleus of each cell.  
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2.25. Analysis of differentiation to tendon and bone 

Three replicates of each condition were seeded in tenogenesis- or osteogenesis-inducing 

medium. Samples were fixed at the corresponding time of culture as stated in the Results section, 

and immunostained for the corresponding differentiation markers (Table 2.3). Samples were 

imaged with a Nikon E600 upright manual microscope with a 40X objective and an Olympus DP72 

colour digital camera. At least three representative images were taken of each sample. 

Images were analysed with Fiji. Each image was converted to an 8-bit file, background was 

removed, brightness–contrast was adjusted, and a threshold was applied to select the areas of 

marker expression (Fig. 2.4). These areas were quantified as the percentage of area relative to 

the image, and normalised by the number of visible cell nuclei.  

Figure 2.4. Analysis of differentiation markers for tenogenesis and osteogenesis. Immunostaining images 

of differentiation markers were treated, the corresponding area of expression was selected and measured. 

Scale bar = 50 µm.  

 

2.26. Statistics 

Graphs were generated in GraphPadPrism 8.3. Quantitative data are displayed, showing 

average and standard deviation (SD) or standard error of the mean (SEM) as indicated. n is the 

sample size. Data was subjected to a Kolmogorov-Smirnov normality test. For data following a 

normal distribution, significant differences were judged using the One-way ANOVA with Fisher 

LSD post-hoc test, or T-test when only two groups were compared. Where data did not pass a 

normality test, a Kruskal-Wallis test with Dunn means comparison was applied. Statistics were 

performed with OriginPro 8.5 and GraphPadPrism 8.3. 
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3.1. Introduction 

Single and collective cell migration are an essential part of biological processes such as 

development, wound healing and disease progression1,2. Through single migration, cells in vivo 

are able to traverse different regions of the body with little disruption, as is the case of immune 

cells, or position themselves in the two- and three-dimensional locations required at the onset of 

tissue formation3. In collective migration, variable numbers of cells –from just a few up to the 

hundreds of thousands– move in a synchronized manner as a cluster, sheet or stream3–5. This 

mode of migration is therefore particularly relevant in the formation of tissue-level structures, be 

it for development or regeneration, and wound closure6. It is also an important mechanism of 

cancer invasion and metastasis7–9. Importantly, cells in collective migration behave as a 

coordinated unit, rather than as multiple single cells undergoing similar processes in parallel10. 

For instance, cells can exercise different roles depending on their location within the group: 

selected cells at the front edge of mesenchymal migration, known as leader cells11,12, sense the 

environment through protrusions and chemotactic signals. Follower cells maintain close contacts 

with their neighbours and move in the direction and velocity established by leaders, while 

executing other functions such as matrix remodelling3,5. Multicellular groups of collective 

migration exhibit coordinated morphology and polarization, driven by supracellular organization 

of the actin cytoskeleton and mechanical coupling6. Notably, another mode of collective migration 

can also occur without stable cell-cell junctions, if cells coordinate through transient contacts or 

by chemotaxis through soluble factors1,13. 

In vivo studies on collective migration provide key observations on cell behaviour during 

development but do not allow for precise control of the environmental conditions that cells 

experience14–17. On the other hand, in vitro systems provide a platform to simplify and modulate 

these conditions, as well as facilitating direct measurements on the sample; however, previous 

works on collective cell migration in vitro generally verse on sheets of cancer or epithelial cell 

lines8,10,12,18,19 rather than stem cell dynamics during tissue formation. In this chapter we live-

image migration in a model of early development, starting with single undifferentiated 

mesenchymal stem cells and progressing towards the formation of multicellular aggregates, or 

condensates.  

Mesenchymal condensation is a crucial step in early cartilage formation, in which 

mesenchymal stem cells (MSCs) gather together into tight multicellular structures20 (see Chapter 

1, section 1.5). Cell density increases locally at the condensation sites by means of extracellular 
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matrix (ECM)-driven active cell movement20, with an important role of the ECM ubiquitous 

protein fibronectin (FN), which is upregulated in mesenchymal condensation21,22. This process is 

therefore dependent on the capacity of cells to migrate towards condensation centres and 

establish the initial cell-cell contacts. Cell condensates then progressively evolve into cartilaginous 

nodules, setting the architectural foundations for tissue development.  

Cell migration is affected by extracellular environmental cues such as substrate stiffness, 

viscoelasticity, adhesiveness or topography23–29. Cell-substrate interactions are driven largely by 

integrin receptors at the plasma membrane (see Chapter 1); integrin-mediated adherence with 

extracellular RGD ligands is a paramount factor modulating cell migration30–32.  

Cells make use of diverse mechanisms to migrate on a substrate or through matrix. When 

cultured on adherent substrates, mesenchymal cells continually extend actin-rich membrane 

protrusions to probe their surroundings and interact with other cells33,34. Protrusions can be 

categorized into filopodia, finger-like long and narrow extensions; and lamellipodia, thin sheet-

like structures that cover large surfaces35,36. In the mesenchymal mode of migration, cells produce 

lamellipodia at the front edge of movement, containing cell-substrate adhesions that serve as 

traction points. Actin flows back from front-edge protrusions towards the cell centre and the 

generated tensions reach the cell body, which contracts to propel forward as the rear edge 

detaches and retracts27,35,37–39. A second mode of migration, known as amoeboid, entails cells 

producing filopodia rather than lamellipodia, while largely retaining a round morphology and 

producing weak transient adhesions with the substrate, instead of focal adhesions (Fig. 3.1). The 

mesenchymal and amoeboid modes of migration each include a range of sub-modes40,41. Cells can 

quickly switch between mesenchymal and amoeboid migration as a response to environmental 

and signalling cues42–44.  

Figure 3.1. The mesenchymal and amoeboid modes of cell migration. Adapted with permission from 

Yamada and Sixt (2019)44  
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During early development, as cells differentiate into lineages and secrete ECM components, 

they position themselves in relation to other cells to form the structural bases of tissues. They 

navigate this process by physical membrane-membrane contacts (juxtracrine communication) 

and by sensing morphogen concentration gradients secreted by other cells (paracrine 

communication)45. The main forms of juxtacrine communication include adherens junctions and 

gap junctions. The former are mechanical adhesions mediated by cadherin proteins (in the case 

of mesenchymal cells, N-cadherin)46. They are particularly important in collective dynamics, as 

they allow cells to coordinate their shape, speed and direction by coupling tensions driven 

through the cytoskeleton15,47–50. Gap junctional transmembrane channels mediate molecule 

exchange between coupled cells (juxtacrine communication)51 and also improve the mechanical 

stability of the cell-cell junction52. Non-apposed hemichannels allow the release of chemotactic 

signals outside the cell (paracrine communication)53,54, thus also contributing to multicellular 

coordination during migration55,56.  

The concept of nematicity is traditionally applied in materials science to liquid crystals, to 

describe a system where multiple elongated molecules adopt a parallel disposition (orientational 

order), although their spatial locations are not organized (Fig. 3.2a). Nematic systems can contain 

topological defects, where the supramolecular orientation is locally disturbed57. As a dense 

population of particles outside of thermodynamic equilibrium, confluent monolayers or systems 

of cells can be described as an active nematic, with cells retaining an orientational order while 

they migrate58–61. In active nematic systems, topological defects can spontaneously emerge as 

supracellular structures; defects are assigned a topological charge according to their organization 

features. Round, 360-degree polar defects carry an integer charge of +1 or -1, whereas partial 

defects weight +1/2 or -1/2. The plus and minus signs indicate whether cells present a net flow 

towards or outwards of the defect62 (Fig. 3.2a). Active nematics can thus be applied to describe 

collective cell motion. Our own fingertips present a paradigmatic example of topological defects, 

as they contain easily observable +1, +1/2 and -1/2 defects that confer each finger with its unique 

pattern63. In morphogenesis, topological defects provide a base for the formation of structures 

from nematic multicellular pools64 (Fig. 3.2b).  
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Figure 3.2. Topological defects in nematic systems. a) Orientation and director field, n, of a nematic liquid 

crystal. Typical director fields near the topological defects in a two-dimensional nematic liquid crystal can 

be classified according to the value of the integral of the director field along an imaginary loop enclosing 

the defect: m = +1, m = +1/2 and m = +1/2. b) Interaction between two +1/2 defects leading to the 

formation of a +1 defect. Adapted with permission from Fardin and Ladoux (2021)63. 

 

In this chapter we employ RGD dendrimer nanopatterns (see Chapter 1, section 1.4) to study 

the influence of local ligand density on single and collective MSC migration and condensation 

dynamics at the onset of chondrogenesis. Throughout this process, cells migrate while extending 

and retracting membrane protrusions to probe both the substrate and other cells. We observe 

mesenchymal and amoeboid migration, depending on whether cells are cultured on RGD-

nanopatterned or fibronectin-coated substrates. The latter also support faster spreading, cell 

division and the establishment of a supracellular nematic order with half-integer defects. We find 

that nanopatterns of intermediate ligand density lead to faster movement and more cell-cell 

collisions, whereas high homogenous adherence impedes it by making cells slower and highly 

directional. Collective migration as multicellular condensates similarly depends on ligand density. 

We pharmacologically block cell-cell interactions mediated by cadherin and gap junctions, to 

investigate their role in the regulation of single and collective cell migration. We pose that 

nanopatterns of high ligand density represent an intersection between nanoscale local adherence 

and full protein coatings. Finally, we propose a model for the regulation of cell migration and 

condensation through an interplay of Contact Inhibition and Contact Following of Locomotion. 

Whenever two cells come into contact, they can either form stable cell-cell unions, leading to 

further condensation, or detach to resume single migration. 
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3.2.  Results  

Human adipose-derived MSCs were seeded on non-patterned substrates (S0), 

nanopatterned substrates with increasing ligand densities (S18, S45 and S90) and fibronectin-coated 

substrates (SFN) in chondrogenic culture medium. Samples were imaged for 40 hours. 

3.2.1. Cell morphology 

Cells started migrating immediately after seeding; live nuclei and actin staining were specific 

and stable over the time frame of imaging. Cell density at the start of imaging increased 

progressively with substrate adherence, with the highest density of initial cells on SFN, although 

differences were not statistically significant (Fig. 3.3a).  

Cell morphology is tightly linked to migration and is regulated by cell-substrate adherence65. 

We characterised cell morphology in response to nanoscale surface ligand density. Since live 

imaging started soon after cell seeding on the substrates, most cells presented a round 

morphology and small size at the beginning. Cell spreading is governed by actin as weak adhesions 

form at the cell periphery prior to the establishment of mature, force-conducting adhesions66. We 

thus quantified cell spreading from live actin staining over time. Within the first two hours of 

imaging, cells on SFN substrates spread and triplicated their mean projected area, whereas cells 

on S0 and nanopatterned substrates retained a similar size (Fig. 3.3b).  

Differences in cell spreading conditioned the motility mode, with cells on S0 and 

nanopatterned substrates presenting mostly round morphologies with expansion and contraction 

cycles and filopodia, indicative of amoeboid migration, whereas cells on SFN displayed elongated 

spindle-like morphologies with lamellipodia, typical of mesenchymal migration (Fig. 3.3c). 

Live staining also allowed for observation of actin dynamics. On S0 and nanopatterned 

substrates these were governed by pulses of cortical actin, whereas on SFN cells developed clearly 

defined actin fibres with rearward actin flows (Fig. 3.3d, Videos 3.1-3.5). 
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Figure 3.3. Initial cell morphology. a) Number of cell nuclei per area unit segmented for tracking at 96 min 

of imaging in each analysed substrate. Data points with the mean ± SEM. b) Projected area of actin staining 

per cell during the first 2 h of imaging. Mean (solid line) ± SEM (colour area) (n = 2). c) Representative phase 

contrast images of cells with stained nuclei (blue) on S90 and SFN, showing the distinct morphologies. Scale 

bar = 50 µm. d) Time lapse sequences of a cortical actin pulse on S90 (top) and flow of actin fibres on SFN 

(bottom) over 42 minutes. Scale bar = 20 µm. 
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To investigate how substrate conditions affect protrusion formation, we measured the 

length of filopodia at 8 hours of imaging (Fig. 3.4a).  We found that cells on S0, S18 and S45 all had 

filopodia shorter than 8 µm on average, whereas those on S90 presented filopodia of double the 

length at 16 µm. It should be noted that cells sometimes retained a fully round morphology for 

several hours before developing visible protrusions towards the end of the experiment; in other 

cases, protrusions retracted mid-imaging and did not reappear. Cells on SFN presented filopodia-

like structures, mainly as extensions of the protruding leading edge, with a size similar to that of 

S90 filopodia (18 µm) (Fig. 3.4b).  

 
Figure 3.4. Protrusion size. a) Phase contrast images of cells stained for nuclei (blue) at 8 h of live imaging 

(top, scale bar = 100 µm) and zoomed-in sections displaying filopodia (bottom, scale bar = 25 µm). b) Length 

of protrusions at 8 h. All data points with the mean ± SEM; ****p < 0.0001 

 

3.2.2. Single cell migration 

As cells attached and spread on the substrates, they started migrating. Cells on S0, S18 and 

S45 migrated either as single cells or in clusters, whereas cells on S90 aggregated but also spread 

at certain sections of the substrate, forming a local monolayer alongside three-dimensional 

clusters. Conversely, cells on SFN quickly developed a compact monolayer from which no clusters 

appeared within the 40 hours of imaging (Fig. 3.5a,b, Videos 3.6-3.10). Moreover, SFN was the only 

substrate on which cell proliferation was observed (Fig. 3.5c).  

 



Chapter 3 

86 
 

Figure 3.5. Live imaging of cell migration and condensation. a) Time lapse phase contrast images 

superimposed with fluorescence live images of cell nuclei (Hoechst, blue). Scale bar = 200 µm. b) Example 

sequence of cell condensation. The same two cells are marked with a red and a yellow arrow in each frame. 

Scale bar = 200 µm. c) Example sequence of cell division over 54 minutes on SFN. Scale bar = 20 µm. 
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Cell nuclei were segmented as single objects (Fig. 3.6a) and tracked. For an initial evaluation 

of cell migration, random tracks were selected from each condition and graphed, setting the start 

of each track at the origin of Cartesian coordinates (0,0). Tracks were generally isotropic on S0 and 

nanopatterned substrates, whereas on SFN most tracks presented a directional component (Fig. 

3.6b). 

Figure 3.6. Single cell trajectories. a) Representative image of nuclei (blue) segmented for tracking at 96 

min of imaging. Purple circles indicate segmented objects. Scale bar = 100 µm. b) Migratory trajectories of 

cell nuclei (20 tracks per substrate). All tracks have a duration of 38.2 h. Trajectories of different cells are 

shown in different colours. The start of each trajectory has been tied to the origin of the Cartesian 

coordinate system. 

 

To characterise the dynamics of cell migration on the substrates, we analysed tracks with 

durations above 3 hours. We first measured net track displacement (the straight-line distance 

from start to end positions of the cell nucleus). Track displacement increased with substrate 

adherence, from 23 µm for S0 to 72 µm for SFN (Fig. 3.7a). This could be due to cells migrating 

faster or in a more directional manner, or a combined effect of both parameters.  

To test whether larger displacements were due to speed, we quantified the mean linear 

velocity of cell migration. Mean track velocity was similar for low-adherence pristine and 

nanopatterned substrates (S0 and S18) and high-adherence nanopatterns (S90), with means of 0.40 
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to 0.45 µm/min, but higher for mid-adherence nanopatterns (S45) with 0.57 µm/min and lower 

for high-adherence homogeneous substrates (SFN) with 0.28 µm/min. (Fig. 3.7b).  

We quantified track tortuosity as the relation between track net displacement and the total 

trajectory covered by the cell. A value of tortuosity closer to 1 indicates more directional 

movement, whereas lower values reveal a more winding path (values equal to 0 are due to static 

cells). We found the same or similar values of tortuosity for S0, S18 and S45 (means of 0.12 to 0.14); 

higher for S90 (0.21), and a clear maximum for SFN (0.43) (Fig. 3.7c).  

To further assess cell directionality, we calculated the turning angles between consecutive 

6-minute links in each track and categorized them into 15-degree ranges. For S0, S18 and S45, no 

more than 11% of all angles were contained in the minimum 0-15° range, similar to 9% in the 

maximum 165-180° range, indicating a non-directional mode of migration. For S90, the two values 

shifted slightly to 14% and 8%, respectively. Finally, for SFN, 24% of angles were in the 0-15° range, 

whereas only 6% were in the 165-180° range. The intermediate angle ranges of 75° to 120° 

contained the minimum number of turns for all conditions, with values from 4.5% (for SFN) to 7.4% 

(for S0) (Fig. 3.7d). 

The first limiting factor in the formation of multicellular condensates is the rate at which 

cells collide with each another. The speed and directionality of migration in a multicellular 

environment will affect the number of cell-cell encounters and thus the chances for condensation 

to ensue. We quantified merge events, defined as instances of two tracks reaching a nucleus-

nucleus distance lower than 30 µm. The hourly rate of merge events per track was equal or very 

similar for S0, S18 and S90 (means of 0.22-0.23 events/h), but higher for S45 (0.35 events/h) and 

lower for SFN (0.06 events/h) (Fig. 3.7e). 
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Figure 3.7. Dynamics of single cell migration and collisions. a) Net cell displacement. b) Mean instant 

velocities. c) Track tortuosity. a-c: 2387 ≤ n ≤ 7424. All data points with the mean ± SD. d) Polar histograms 

of turning angles in single-cell tracks (309555 ≤ n ≤ 980940). e) Rate of merge events (cell-cell collisions) in 

cell tracks (941 ≤ n ≤ 2183). Mean ± SEM, **p < 0.01, *** p < 0.001, ****p < 0.0001 

 

3.2.3. Mesenchymal condensation 

As cells attached to the substrates, they started spreading, migrating and, in the case of S0 

and nanopatterned substrates, coalescing into condensates. We analysed actin morphology 

during this time (20 hours). Actin staining allowed for observation of cells and condensates on S0 

and nanopatterned substrates, whereas cells on SFN developed a monolayer that filled most of 

the imaging field (Fig. 3.8a). We thus quantified actin spread (normalised to the number of cells 

or condensates over time) on S0 and nanopatterned substrates. After the initial two hours, actin 

area progressively increased on all substrates until hour 15, when it plateaued (Fig. 3.8b). Since 

this time frame corresponds with the formation of most condensates (see Fig. 3.5a), we can liken 

the rate of area growth to the process of condensation, shifting from a system where nearly all 

cells migrate as single cells to one with a substantial presence of multicellular aggregates.  

To quantify the rate of actin expansion, we fitted the data of actin area from 2 to 15 h to a 

linear model and extracted the coefficient, or the slope in the area vs. time function.  We found 
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that the rate of actin spreading was lowest on S18, followed by similar rates for S0 and S45 and 

steeper for S90 (Table 3.1).  

Figure 3.8. Actin dynamics during condensation. a) Actin staining at 20 h of condensation (top) and 

corresponding thresholds measured as actin spread area in black (bottom). Scale bar = 100 µm. b) 

Quantification of actin area per cell or cluster over time (n = 2). Mean (solid line) ± SEM (colour area). 

Spreading from 2 to 15 h (section between dotted lines in the graph) was fit into a linear model.  

 

Table 3.1. Fitting of actin area over time in a linear model. Parameters of linear models describing actin 

spreading (µm2 / h) from 2 to 15 h of imaging (n = 2). 

   S0 S18 S45 S90 

Slope 
Value 33.1 24.8 34.4 41.7 

SEM 0.5 0.2 0.4 0.3 

Y-intercept 
Value 439.0 459.5 370.8 487.1 

SEM 4.4 2.2 3.4 2.8 

 R2 0.97 0.99 0.99 0.99 
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3.2.4. Supracellular organization on protein coatings 

Compared with other substrates, cells on SFN proliferate, form a monolayer, migrate at a 

much slower speed but with much higher directionality, and present very few cell-cell collisions. 

No 3D condensates were observed on SFN within the 40-hour frame of live imaging. We thus 

hypothesized that the mechanism of condensate formation on SFN differs from that of 

nanopatterned substrates, rendering fewer condensates at a slower rate. We assessed whether 

observed differences could be explained based on order regime of cells on substrates.  

Cells on nanopatterned substrates were not confluent, partly due to a smaller projected 

area and partly due to the absence of cell division. They thus migrated randomly and progressively 

converged as multicellular clusters. On the other hand, cells on SFN established a nematic order, 

sliding past one another without clustering, and progressively developed +1/2 and -1/2 defects 

(Fig. 3.9). These two behaviours were very different and could account for differences in 

condensate formation.  

Figure 3.9. Topological defects in the nematic order of protein coatings. Examples of supracellular order 

in phase contrast images superimposed with nuclei staining (blue) showing +1/2 (green) and -1/2 (red) 

defects after 40 h of imaging. Scale bar = 300 µm. 
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3.2.5. Collective cell migration 

After condensation, cells migrated collectively rather than as single cells. We quantified the 

migration dynamics of multicellular condensates present on S0 and nanopatterned substrates. 

Whole condensates were segmented and tracked as single objects starting at 20 hours of imaging 

(Fig. 3.10a,b). Track displacement increased with ligand density, with a leap from S18 to S45. 

Condensate speed was higher on S45 (0.40 µm/min), although significant only when compared to 

S18 (0.31 µm/min). Tortuosity was equal for S0, S18 and S45 (0.12 to 0.14) but presented a two-fold 

increase for S90 (0.24) (Fig. 3.10c-e). Finally, 13% to 14% of turning angles were in the minimum 

0-15° range for S0, S18 and S45 but this percentage increased to 19% for S90, indicating a more 

directional mode of migration (Fig. 3.10f).  

Figure 3.10. Dynamics of multicellular condensates. a) Migratory trajectories for condensates (20 tracks 

per condition). The beginning of each trajectory has been tied to the origin of the Cartesian coordinate 

system. Trajectories of different clusters are shown in different colours. b) Representative image of nuclei 

(blue) showing condensates segmented for tracking at 20 h of imaging (contained in purple circles). Scale 

bar = 100 µm. c) Net track displacement. d) Mean instant velocities. e) Track tortuosity. c-e: 2387 ≤ n ≤ 
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7424; all data points with mean ± SD, **p < 0.01, ***p < 0.001, ****p < 0.0001. f) Polar histograms of 

turning angles in condensate tracks (11526 ≤ n ≤ 26786). 

 

3.2.6. Blocking cell-substrate and cell-cell interactions 

We analysed migration and condensation under three types of pharmacological 

interventions impairing certain cell-substrate and cell-cell interactions: in-solution RGD 

dendrimers, ADH1 peptides and 18β-glycyrrhetinic acid (18βGA). Addition of RGD peptides in 

culture medium impairs integrin clustering67,68; we thus expected that RGD dendrimers in solution 

would have a similar effect, hampering integrin interaction with substrate-adsorbed ligands by 

competition. ADH1 is a cyclic pentapeptide that contains the HAV sequence that binds to 

adherens junction protein cadherin69,70, thus blocking it when added in cell culture71–73. 

Phosphorylation of gap junctional connexin proteins regulates several aspects of GJIC, including 

GJ formation, gating and turnover74–76; 18βGA is a saponin that induces disassembly of GJ plaques 

through connexin dephosphorylation77–79.  

To test whether cell-substrate adhesion could indeed be affected by adding dendrimer in 

solution, we immunostained integrin subunit β1 at the end of live imaging (Fig. 3.11a). Subunit β1 

is present in integrins related to substrate sensing, adhesion formation and migration, such as 

α5β1 and αvβ180–83. Integrin-mediated adhesion and mechanotransduction are limited by integrin 

clustering at adhesion sites82,84. We thus analysed whether RGD in solution affected integrin 

clustering. We used RGD dendrimers at the lowest concentration used in the production of 

nanopatterned substrates (4x10-9 % w/w, corresponding to S18) to ensure that dendrimers would 

not adsorb on the S90 substrates and alter the surface configuration mid-imaging (see Chapter 2, 

section 2.10). We measured the size of integrin clusters at 40 h and found that adding RGD in 

solution did lead to smaller adhesions (Fig. 3.11b). Moreover, a histogram analysis was performed 

where low fluorescence intensity values represent diffuse integrins and high fluorescence values 

indicate clustered integrins68. The distribution of staining intensities shifted toward a higher 

fraction of pixels at lower intensity values when adding RGD in solution, indicating less clustering 

(less area with high levels of staining) and a more homogeneous or diffuse integrin distribution 

(more area containing similar levels of staining at low values), and therefore, that integrin 

clustering was successfully impaired by dendrimers in solution (Fig. 3.11c).   
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Figure 3.11. RGD dendrimers in solution impair integrin clustering. a) Representative fluorescence images 

showing merged integrin β1 immunostaining (green) and cell nuclei (blue) at 40 h of chondrogenesis, with 

the corresponding thresholds selected for analysis and the measured integrin clusters, on S90 in control 

conditions and with addition of RGD dendrimers in solution. Scale bar = 10 µm. b) Mean cluster area per 

image. All data points with the mean ± SEM; *p < 0.05. c) Distributions of mean pixel intensity values in 

integrin staining. 
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We imaged single-cell and condensate dynamics on S90 substrates under each of the three 

pharmacological interventions. Observing the live imaging sequences, all interventions appeared 

to have a dramatic impact on migration and condensation (Fig. 3.12). Unlike in control S90 

substrates, most cells with impaired cell-cell or cell-substrate interactions did not aggregate.  

Figure 3.12. Cell migration blocking cell-substrate and cell-cell interactions. Time lapse phase contrast 

images superimposed with fluorescence images of cell nuclei (blue). Scale bar = 200 µm.  
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Compared to control S90, blocking integrin receptors in single cells caused large reductions 

in both speed (28% slower) and directionality (52% lower tortuosity), whereas N-cadherin 

inhibition with ADH1 decreased mean velocity by 13% and tortuosity by 27%. Finally, uncoupling 

gap junctions with 18βGA affected speed as much as integrin blocking did (25%) but caused a 

comparatively smaller reduction in tortuosity (20%) (Fig. 3.13a,b). Both ADH1 and 18βGA reduced 

the hourly rate of merge events between tracks by 40%, while integrin blocking induced a 

maximum reduction of 55% (Fig. 3.13c).  

We also analysed collective cell (condensate) dynamics in each condition. Integrin blocking 

led to a 41% decrease in tortuosity and a 23% decrease in speed. N-cadherin inhibition caused a 

stark 53% decrease of tortuosity but had no observable effect on condensate speed; on the other 

hand, gap junction disassembly had no effect on tortuosity but caused an 11% decrease in speed 

(Fig. 3.13d,e). 

Figure 3.13. Effects of pharmacological inhibitors on single and collective cell migration. Control 

conditions are non-altered S90 substrates. a) Single cell mean instant velocities. b) Single cell tortuosity. c) 

Hourly rate of merge events (cell-cell collisions). a-c: 1574 ≤ n ≤ 5177. d) Condensate mean instant 

velocities. e) Condensate tortuosity. d, e: 85 ≤ n ≤ 247. All graphs presented as mean ± SEM; *p < 0.05, **p 

< 0.01, ***p < 0.001, ****p < 0.0001  
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3.3.  Discussion 

3.3.1. The intersection between nanopatterned ligands and a protein coating 

Analysis of cell size over the first two hours of imaging showed that cells on SFN spread faster 

and reached larger projection areas than those on nanopatterned substrates, as expected due to 

high homogeneous adherence and the complete biochemical signalling provided by fibronectin-

coated substrates. SFN was also the only substrate to support cell division. Given that proliferation 

is regulated by cell shape and promoted upon cell stretching85–87, this could be due to SFN 

prompting cells to spread more than other substrates. Moreover, cells are more prone to enter 

mitosis under high cell-cell tensions88, which we expect would be the case in the monolayers that 

develop on SFN. Finally, division of human cells in culture is dependent on the remodelling of pre-

existing adhesions, as integrins attached to substrate ligands remain in place during mitosis and 

allow the daughter cells to quickly reattach89. This process can be more easily supported in a high-

adherence substrate such as SFN.  

Cells on SFN clearly displayed the characteristic features of mesenchymal migration: large 

spreading, spindle morphologies and the formation of extensive lamellipodia. On the other hand, 

most cells on nanopatterned substrates generated filopodia while largely retaining a rounded 

morphology, typical of amoeboid migration. Amoeboid migration is generally observed in cells 

migrating on low-adherence substrates under spatial constraints, such as in microfluidic devices 

or in hydrogels90. It has been recently reported on cancer and epithelial cells migrating freely on 

soft, viscoelastic substrates24, as well as neural progenitors cultured at low density60. Amoeboid 

migration is known to be faster than mesenchymal adherent migration91,92, explaining why single 

cells moved slower on SFN than in any other condition, as discussed below. 

Cells use protrusions such as filopodia to probe the surrounding substrate before migrating 

there34. Expansion of cell protrusions is a mechanosensitive process that is promoted on 

substrates facilitating adhesion, such as stiff surfaces66. This explains why cells developed longer 

protrusions on high-adherence substrates S90 and SFN. Moreover, filopodia were equally long for 

S0, S18 and S45, meaning that nanoscale local substrate adherence had no effect on protrusion size 

within a large range of 0% to 45% of adherent area. Protrusion length was also equal for S90 and 

SFN. This behaviour coincides with the described binary model of protrusion growth in relation to 

surface stiffness, by which large protrusions are stable only on surfaces with a Young’s modulus 
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above a threshold of 5-8 kPa66. In our case, large protrusions are supported only on surfaces with 

a percentage of adherent area above an undetermined threshold between 45% and 90%.  

Analyses of cell spreading and filopodia length show that cells on S90 exhibit behaviours 

selectively similar to those on other conditions. The fact that cells on S90 present a relative size (as 

measured by actin spreading area) closer to S45 than to SFN suggests that they retained their 

overall morphology without spreading further on the substrate; however, they developed 

filopodia as large as those of SFN. This reveals an interesting system where certain features of S90 

cells behave as those of other nanopatterns with lower ligand densities, whereas other features 

resemble those of high-adherence protein-coated substrates. Nanopatterns of high local ligand 

density thus provide particular conditions at the intersection of these two settings.  

3.3.2. Nanoscale ligand density modulates stem cell migration  

Higher substrate adherence allowed cells to migrate farther from their initial position. This 

could be due to differences in either track directionality or migration velocity. We found that cells 

migrate faster on S45, showing that velocity follows a biphasic relation with substrate 

adhesiveness. Cell speed increased with ligand density up to a maximum found at an intermediate 

value, after which it decreased. This was first experimentally described on fibronectin-coated 

substrates with smooth muscle cells93 and hamster ovary cells30 and was recently demonstrated 

across cancer, epithelial and keratocyte lines25. Recent studies show that RGD ordered 

nanopatterns also promote maximum speed of endothelial and keratocyte cells at intermediate 

interparticle spacings, rather than larger or shorter spacings, with the optimal spacing value 

varying with cell type32,94. Hence, our results confirm and expand these conclusions to include 

MSCs migrating during morphogenesis on disordered RGD nanopatterns. The biphasic adherence-

speed relation can be explained by substrates of intermediate adherence allowing cells to move 

freely without sticking to the surface while also finding enough adhesion sites on which to base 

their movement. Cells on S0 and S18 would face difficulty establishing adhesions on a surface with 

low ligand density, whereas cells on S90 and SFN would need to enact higher forces to detach and 

move. Cells on S45 would experience an intermediate ligand density, favourable for speedy 

migration95. 

The analyses of turning angles and tortuosity both reveal that movement on S90 is more 

directional than on S0, S18 and S45, which we attribute to the higher percentage of adherent surface 

area enabling cells to migrate without needing to explore other neighbouring regions to find 
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points of attachment on which to proceed. The straightest cell movement is found on SFN, with 

stark difference to those of non-adherent and nanopatterned substrates. The large shift in 

directionality from S90 to SFN cannot by explained by ligand density alone, as they present a 

relatively small difference in the percentage of area covered with RGD groups at less than 70 nm: 

from 90% for S90 to presumably 100% for SFN, given the fibronectin molecule size of 15.5 x 8.8 

nm96. However, it should be considered that the spatial positioning of RGD groups on native 

fibronectin would differ from that of nanopatterned RGD dendrimers, generating different sets 

of cell-substrate interactions and differently affecting cell adhesion and migration97. Moreover, 

integrin binding to fibronectin is also modulated by the synergy sites at the protein, which are 

absent in isolated RGD dendrimers98. Finally, a coating of whole fibronectin protein does not 

engage all the same integrin types that isolated RGD motifs do99,100, which can also contribute to 

a difference in cell behaviour if the activated integrins have different parallel biological 

functions101. 

Our results point to the importance of directionality, rather than speed, to determine how 

far a cell will migrate. While moving at greater speed allows cells on S45 to cover a longer sum 

trajectory, their lack of directionality means that net track displacement remains lower than those 

of S90 and SFN. On the other hand, moving in straighter paths allows cells on SFN to migrate farther, 

even with a lower velocity than all other conditions. Tellingly, S0, S18 and S90 have very similar 

mean velocities (lower than S45), but a more directed movement allows S90 to migrate slightly 

farther than S0, S18 and S45. 

On S0 and nanopatterned substrates, mid-range turns (75° to 120°) are less frequent than 

high-range ones (closer to 180°). This speaks to a migration system governed by cortical actin 

dynamics, in which a symmetrical actin flow from the front to the rear edge across both sides of 

the membrane can be less costly than redirecting cortical actin from one side to the other to 

generate a new leading edge.  

3.3.3. Nanoscale ligand density modulates condensation  

While migrating in a more directional way allows cells to move farther from their initial 

position, mesenchymal condensation requires that they reduce intercellular distances and 

eventually come into contact. Because cells are cultured on the substrates in chondrogenesis-

inducing medium, they will tend to aggregate and from prechondrogenic condensates; however, 

this is limited by the number of times cells meet or collide on the surface. We thus measured the 
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rate of merge events between tracks in each condition. It should be noted that condensation 

involves not only merging, but also splitting events in which cells that established transient 

adhesions come apart. In live imaging, single cells sometimes probe a condensate and join it for 

only a few minutes before exiting; other times, a cell is seemingly pulled from a condensate by 

those in another one nearby. Hence, while the rate of merge events does not directly correlate 

with the number of cells present in the final constructs, it reveals S45 as a more dynamic system, 

in which cells come into contact more often than those on other substrates. This follows with the 

results described above, in which cells on S45 move faster but not straighter, which would facilitate 

their collisions. In contrast, cells on SFN move slowly and more directionally, decreasing the 

chances for cell-cell encounters.  

The curves of actin area on S0 and nanopatterned substrates presented a similar trend to 

previous studies, with an initial expansion phase followed by a plateau102. The spreading phase, 

from 2 to 15 h, fit precisely within a simple linear model. Actin spreading depends on substrate 

adherence, but is also concurrent with condensation in our system. Therefore, the slope of the 

linear models would be influenced by the rate of cell spreading as well as condensate formation 

over time. The higher slope of S90 might thus indicate that these condensates were formed faster 

than on other substrates, despite the higher rate of cell-cell collisions on S45. Merge events on S90 

would then have a higher probability of resulting in stable cell-cell adherence.  

After the onset of condensation, substrate ligand density affected the migration of 

multicellular clusters in a similar manner as that of single cells. This indicates that principles 

governing the dynamics of single hMSCs can generally be applied also to aggregates such as the 

ones here analysed. Recent studies on cancer cells also showed that multicellular spheroids follow 

the same migration modes as single cells, and that this occurs in absence of actin stress fibres 

within the spheroids, as is the case in prechondrogenic condensates103. A “collective amoeboid” 

mode of migration has been described on non-adhesive substrates, independent of focal 

adhesions but dependent on integrin-mediated friction with the substrate104.  

3.3.4. Condensation on fibronectin as the emergence of topological defects 

On S0 and dendrimer-nanopatterned substrates, cells migrate until they collide and quickly 

generate large aggregates. On the other hand, cells on SFN form a monolayer with no clear 

condensation sites within the time frame of live imaging. This corresponds with the previously 

described behaviour of hepatocyte cells, which aggregate if cultured on low-concentration 
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Matrigel but form a monolayer on high-concentration substrates, depending on the strength of 

cell-substrate adherence105. In our case however, sparse and small condensates do appear on SFN 

after several days of culture (see Chapter 4, Fig. 4.5). We thus investigated whether condensates 

on SFN are formed through a different mechanism than those on S0 and nanopatterned substrates. 

Upon contact on S0 and nanopatterned substrates, single cells approach other cells or 

condensates deploying front-rear polarity, with one end pointing towards the centre of the other 

cell and the other end outwards. This mode of condensation can be compared to the one recently 

described for precursors of skeletal muscle confined in small fibronectin-coated surfaces: 

Myoblasts in these conditions proliferate while establishing vortex-shaped +1 topological defects. 

As cell density increases, vortices develop into asters from which three-dimensional mounds 

emerge at the centre, with a similar height and structure to condensates in our system106. This 

suggests that condensation through a localized increase of cell density is a general trait of 

development in musculoskeletal tissues such as muscle and cartilage. Front-rear polarity pointed 

towards the condensation site (therefore aster-shaped if cells approach the centre from all sides 

simultaneously) allows cells to quickly form three-dimensional condensates.  

Instead, cells on SFN slide next to each other without condensation. We pose that 

condensation on SFN starts with the formation of ±1/2 topological defects in the nematic order of 

the confluent cell monolayer. In Hydra development, pairs of +1/2 defects progressively fuse into 

a +1 defect that can then emerge into the third dimension64. We thus expect that condensates 

are formed slowly on SFN through a similar mechanism, rather than the fast transition from 

random collisions to condensation sites observed on nanopatterned substrates. This is also 

supported by bacterial cells tending to form new 3D layers on +1/2 defects but creating holes 

from -1/2 defects62. Live imaging of +1/2 defects on SFN after 40 h would be necessary to confirm 

this hypothesis. 

3.3.5. Condensation through contact inhibition and following of locomotion 

Cell migration is modulated by the chemical and mechanical interactions of cells with their 

substrate and, especially in collective migration, with other cells moving 

synchronously12,15,48,49,107. To explore the role of these regulatory mechanisms on stem cell 

behaviour during tissue formation, we blocked integrin receptors (through in-solution RGD 

dendrimers), N-cadherin adhesions (with ADH1) and gap junction assembly (with 18βGA). Integrin 

and gap junction blocking equally affected single cell speed but the former had a greater impact 
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on directionality, explaining the larger reduction it caused on merge events. Integrin blocking also 

affected both parameters more than cadherin blocking did. ADH1 and 18βGA reduced either 

tortuosity (the former) or velocity (the latter) to a greater extent, leading to an equal reduction 

in cell-cell merge events, although this reduction was still lower than the one caused by 

dendrimers in solution.  

We had indeed expected that single cell migration would be more affected by impairing 

integrin clustering than by interventions targeting cell-cell interactions, given that cell-substrate 

adhesion is the main modulator of this mode of migration. However, the fact that targeting 

cadherin junctions significantly reduced velocity and tortuosity shows that single cell migration 

within a multicellular setting (composed of multiple cells migrating separately) is also mediated 

by the contacts that occur between cells48. In other words, cells use these transient interactions 

to guide their movement across the substrate. This phenomenon was theoretically proposed by 

Rørth1 and can be related to the mechanisms of Contact Inhibition of Locomotion (CIL) and 

Contact Following of Locomotion (CFL). In CIL, first described by Abercrombie and Heaysman in 

fibroblast monolayers108,109, cells coming into contact repel each other to avoid stacking into more 

than one layer. Studies on mesenchymal cells have shown that CIL is initiated by the retraction of 

protrusions near the cell-cell interface110. As cell-substrate adhesions disassemble, cytoskeletal 

tensions are transferred to cell-cell contacts111, leading cells to repolarize and resume single 

migration in another direction112. Hence, full cadherin adhesions are formed and quickly 

disassembled during CIL14,48.  

Contact Inhibition of Locomotion would be akin to single cells probing other cells or 

condensates in our system, without initiating condensation. However, cells cultured in 

chondrogenic medium tend to aggregate, rendering CIL as an incomplete or partial description of 

cell behaviour in these conditions. Alternatively, Contact Following of Locomotion is a more 

recently described mechanism by which a cell actively migrates towards the tail end of a 

neighbouring cell, coupling their trajectories and velocities113,114. Prechondrogenic condensation 

is an example of CFL, in which contact between two single cells – or between a single cell and a 

forming condensate – results in a new cohesive unit of movement. This model would explain why 

blocking cadherin interactions led to a decrease in velocity and especially in directionality, as cells 

unable to form stable junctions would tend to experience CIL (repolarization and further single 

migration) rather than CFL (condensation).  
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Since gap junctions contribute to the overall reinforcement of cell-cell junctions107, their 

disassembly would also affect adhesion stability and promote CIL over CFL. Moreover, Cx43 is also 

a transcriptional regulator of N-cadherin through its carboxyl terminal115. Given that treatment 

with 18βGA induces a conformational change precisely in the carboxyl terminal (making it more 

widely exposed and an easier target for dephosphorylation)116, 18βGA might cause a decrease in 

N-cadherin expression, which would in turn affect cell migration as described above. 

The interplay between CIL and CFL would allow cells to migrate on nanopatterned substrates 

while sensing the environment and surrounding cells, as well as converging into condensates. 

While most contacts in live imaging did result in a stable cell-cell unit, we observed several 

instances of cells exiting multicellular aggregates minutes or hours after joining them. It has been 

reported that CIL can indeed coexist with collective cell migration in a population of rat kidney 

cells. In that case, the formation of stable multicellular chains depends on the circumstances of 

collision as well as the probability of each cell to repolarize: Attachment ensues more frequently 

in head-to-tail collisions or if only one of the two cells repolarizes, whereas head-to-head 

collisions tend to result in CIL117 (Fig. 3.14). The specific mechanism that determines whether a 

cell repolarizes or not upon collision remains unknown. 

Figure 3.14. Schematic of condensation regulation. Cells are drawn displaying amoeboid migration, with 

filopodia at the front edge. Green arrows indicate the direction of movement. Upon cell-cell contact, 

inhibition of locomotion (CIL) results in cytoskeletal repolarization and cells resuming single migration, 

whereas following of locomotion (CFL) implies the establishment of stable cell-cell adhesions and therefore 

the formation of a new multicellular unit of migration, progressing towards condensation. 

 

Non-apposed connexons or hemichannels at the plasma membrane are a gateway for 

cytoplasmic materials to be released into the extracellular medium53,56. Growth factors and other 

chemotactic signals are sensed by cells in the vicinity and guide migration. Thus, impairing the 
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assembly of connexin plaques would hinder this mode of intercellular communication, providing 

an additional explanation as to why 18βGA affected single cell directionality and velocity 

differently than ADH1 did. Further experiments would be required to unveil which of these 

mechanisms are prevalent in the effects of 18βGA on single cell migration.  

Moving on to collective migration, the trends in the effects of soluble RGD on condensate 

migration were comparable to those on single cell movement. Inhibiting N-cadherin and blocking 

gap junctions had different effects on condensate tortuosity and speed, each leaving one 

parameter unaltered while impairing the other. It was previously shown that downregulation of 

N-cadherin and Cx43 had different effects in cell migration outwards of mouse neural tube 

explants118. The effects of ADH1 on multicellular condensates largely correspond with studies 

performed on epithelial and cancer cells, where cadherin knockdown resulted in loss of 

directionality in strings or layers of cells48,49. In sheets of epithelial cells, E-cadherin regulates the 

directionality but not the rate of migration119. In the Drosophila ovary, border cells migrating as a 

cluster rely on E-cadherin to communicate direction from the lead cell to follower cells in the 

group15. Our results confirm these observations as independent of cell type and extend the notion 

that cadherin-mediated adhesions are required for coordinated modulation of cell direction in 

collective migration, also during mesenchymal development. 

Studies on neural progenitor cells (NPCs) showed that N-cadherin adhesions are required 

for maintaining cell stemness, expression levels of co-activator Yes-Associated Protein (YAP) and 

β-catenin signalling72,73,120. This could have major impacts on cartilage formation, when loss of 

stemness would artificially speed up differentiation without necessarily allowing cells to 

appropriately position themselves in condensates or establish stable adhesions with neighbouring 

cells, altering the structure and functionality of the forming tissue.  

Communication through gap junctions has not been as extensively studied as that of 

adherens junctions in the context of collective cell migration, especially for cell clusters and for 

mesenchymal stem cells, although they could be important for cell coupling and coordination55. 

Moreover, given the tight and complex interplay between connexins and other proteins, including 

N-cadherin and cytoskeletal proteins, it is recognized that they play a role in migration beyond 

gap junctional communication121. We thus expected that connexin phosphorylation would also 

affect condensate motility. Surprisingly, while 18βGA did reduce condensate velocity, it did not 

affect directionality.  
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Besides their role as membrane-crossing channels for soluble molecules, fully assembled 

gap junctions also act as points of adherence between adjacent cells56. This facet of gap junctions 

was first described in malignant cancer cells and involves the cysteine residues of the extracellular 

connexon loops as adhesion points between membranes52. Cell-cell adhesion through gap 

junctions can regulate collective migration independently of channel activity or interactions of 

the connexin C-terminal with cytoplasmic proteins. For instance, neurons with knocked-down 

Cx43 or Cx26 fail to migrate from the intermediate zone towards the cortical plate in the 

developing cerebral cortex of rats, and this movement is not rescued by channel activity or C-

terminal interactions alone122. Interneurons with the same knockdowns do move towards the 

plate but fail to transition from tangential to radial migration upon contact as in the wild type123. 

The role of Cx43 in mechanical adhesions is also known because its knockdown alters the 

organization of epithelial monolayers, destabilizing them124. Hence, this mechanism of cell-cell 

adherence through gap junctions helps explain the results observed here regarding 18βGA effects 

on condensate migration, as the disassembly of gap junction plaques would result in unstable or 

loose condensates with difficulty to migrate as a cohesive unit.  
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4.1. Introduction 

In the previous chapter we have observed the onset of multicellular aggregates through 

active migration of mesenchymal stem cells cultured in chondrogenic medium. In vivo, these 

anlages are an essential stage in the development of articular cartilage, but also of skeletal bone1. 

Condensates were initially described as a “membranous skeleton” to stress their importance in 

skeletal development2,3. Thus, the condensation step determines the distribution and 

morphology of later morphogenetic structures (Fig. 4.1).  

Figure 4.1. Osteochondral development, with mesenchymal condensation as the first stage. Adapted 

with permission from Shimizu, Yokoyama and Asahara (2007)4   

 

During morphogenesis, cells cooperate to form functioning tissues and organs. This level of 

complex coordination entails intricate mechanisms of intercellular communication. In 

osteochondral development, mesenchymal cell condensation is concurrent with the formation of 

an extensive network of gap junctions (GJs)5, plasma membrane channels that link the cytoplasm 

of adjacent cells. GJs are present in almost all animal tissues, allowing cells to exchange ions, 

nucleotides and other small molecules through a gated mechanism6. Since they bring the 

membranes of neighbouring cells closer together, they also improve the mechanical stability at 

cell-cell junctions7. Moreover, gap junctions can act as cell-adhesive structures themselves8–10. An 

efficient network of GJs is an extremely versatile communication system that mediates the rapid 

synchronization between cells11. GJs established during embryonic patterning allow multicellular 

groups to coordinate towards the formation of supracellular, tissue-level structures12,13. 

Connective tissues, such as cartilage, particularly rely on this form of intercellular communication 

for successful development and homeostasis14–16. For instance, mature chondrocytes in articular 

cartilage employ GJ networks to exchange glucose, amino acids and nucleotides15. 
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Connexins, the building blocks of gap junctions, are ubiquitous proteins comprised of four 

transmembrane domains, two extracellular domains (the loops between the first and second, and 

the third and fourth, transmembrane domains) and three cytoplasmic domains (the N- and the C-

terminals and a loop between the second and third transmembrane domains)17. These 

transmembrane domains shape the channel pore. Gap junctions are formed by two connexons or 

hemichannels, one at the membrane of each connecting cell; each connexon is comprised of six 

connexins. Connexons accumulate to form dense GJ plaques, which are continuously regenerated 

by the addition of connexon subunits at the edges and internalization from the centre of the 

plaques18,19. Besides constituting cell-cell junctions, non-apposed hemichannels also allow the 

release of ions and molecules into the interstitial space, propagating signals such as calcium 

waves10,20,21 (Fig. 4.2). 

Fig. 4.2. Schematics of gap junction structure. a) Connexons are formed from the oligomerization of six 

connexins; connexons can be homomeric (formed from six monomers of the same connexin) or 

heteromeric (made up of different connexins). b) Each connexin has four transmembrane domains (M1, 

M2, M3 and M4) and two extracellular loops (E1 and E2); the intracellular carboxyl terminus of a connexin 

can interact with proto-oncogene tyrosine-protein kinase Src, mitogen-activated protein kinase (MAPK), 

protein kinase C (PKC), β-catenin and integrins. c) Connexon hemichannels facilitate the flux of small 

molecules such as cyclic AMP (cAMP), ATP, microRNAs and calcium ions across the plasma membrane. d) 

Hemichannels from adjacent cells form gap junctions by engaging in homotypic or heterotypic coupling. e) 

Varied gap junction composition mediates permeability, selectivity and gating in gap junctional intercellular 

communication (GJIC). Adapted with permission from Donahue, Qu and Genetos (2018)16  
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Connexin 43 (Cx43), also known as gap junction alpha 1 (GJA1), is a widely studied connexin. 

It is a building block of gap junctions and also mediates paracrine communication systems 

between non-adjacent cells, such as tunnelling nanotubes and extracellular vesicles22. Cx43 is one 

of the most abundant connexins in both cartilage and bone cells and is an important regulator of 

tissue formation and limb development23–27. Inhibition of Cx43 expression in developing cartilage 

impairs cell differentiation28. In mouse osteoblasts, altered ratios of Cx43 lead to decreased 

transcription of differentiation markers and subsequently impair bone mineralization; Cx43-null 

osteoblasts are not functional29–31.  

Like other connexins, Cx43 exerts functions through interaction of its cytoplasmic C-terminal 

tail (CT-Cx43) with cell-cell junction proteins as well as with several cytoskeletal proteins, 

including α-tubulin, β-tubulin, actin, vimentin and vinculin15,32,33. In turn, gap junction formation 

and gating are regulated by cytoskeletal inputs32,34,35. The assembly of gap junctions from Cx43 

connexons is modulated by tight junction protein zonula occludens-1 (ZO-1) interacting with the 

CT-Cx4336. In cartilage and bone development, the CT-Cx43 determines cell phenotype, nanoscale 

tissue structure and mechanical properties such as resistance to fracture37–40; cleavage of the CT 

in pathological conditions contributes to the progression of joint diseases such as osteoarthritis37.  

Previous studies have related gap junction intercellular communication (GJIC) with 

extracellular inputs. Integrins α5β1 and α3β1 regulate Cx43 assembly, hemichannel opening and 

the resulting GJIC functionality41,42. Adhesome protein vinculin (VCL) and ZO-1 both closely 

interact with Cx43 to stabilize gap junctions in heart development43. Conversely, Cx43 influences 

matrix-dependent processes; in particular, cell migration during morphogenetic events such as 

wound closure44–48.  

Integrin-mediated cell-matrix interactions regulate many biological processes such as cell 

shape, proliferation, migration, differentiation and cell death49–51. During morphogenesis, 

dynamic adhesion mechanisms, together with the associated signalling pathways, define tissue 

differentiation and architecture, and modulate collective cell behaviour11,52–57. Here we employ 

RGD dendrimer nanopatterns to control local substrate adhesiveness (see Chapter 1, section 1.4). 

In this chapter we follow up with multicellular aggregates after the initial stages of 

condensation. Taking chondrogenesis as a model58, we study how substrate ligand density 

progressively modulates the formation of tissue during mesenchymal condensation. We first 

analyse condensate structure and mechanical stability and find that substrates of high local ligand 
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density (S90) facilitate tissue compaction and stability in culture. These phenomena are not 

explained by expression patterns of proteins traditionally linked to mechanical cell-cell and cell-

matrix interactions, such as N-cadherin and vinculin. We then analyse Cx43 expression, employ 

confocal microscopy to image the protein in condensates, and analyse the image stacks to 

quantify the architectural connectivity of the intercellular connexin networks. We find that the 

S90 substrate condition induces an improvement in connexin expression and architectural 

connectivity, which leads to an increase in GJIC, as assessed by a tracer uptake assay. We then 

design an assay in which we transplant condensates from their original substrate to a new one, 

with either the same or a different ligand density, to evaluate whether changing matrix inputs 

induce a remodelling of connexin expression across the condensates. Finally, we employ integrin 

blocking and myosin inhibition to confirm that substrate effects are sensed by integrin adhesions 

and propagated into condensates by cytoskeletal contractility.  
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4.2. Results 

4.2.1. Condensate structure and stability 

Human mesenchymal stem cells (hMSCs) were cultured in chondrogenic medium on non-

patterned S0; RGD dendrimer-nanopatterned S18, S45 and S90; and fibronectin-coated SFN 

substrates. Samples were then observed at various time points of chondrogenic induction.  

Several condensates formed quickly on pristine and nanopatterned substrates, whereas 

cells on SFN remained mostly as a monolayer, with a reduced number of condensates appearing 

after 3 to 5 days in culture (Fig. 4.3a,b). As a control aimed to discern whether condensate 

formation was in fact due to chondrogenic induction, we seeded MSCs on S90 in growth medium 

instead of chondrogenic medium. In this case, cells generated a monolayer rather than 

undergoing mesenchymal condensation, proving that the observed multicellular aggregates were 

indeed the result of soluble signals in the differentiation medium (Fig. 4.3c).  

Figure 4.3. Chondrogenic medium induces mesenchymal condensation. a) Bright field (top) and phase 

contrast (bottom) images of cells after 3 days of chondrogenic induction. Scale bar = 100 µm. b) Confocal 

images showing actin (magenta) stress fibres and nuclei (blue) in cells after 6 days on S90 in growth medium. 

Scale bars = 50 µm.  

 

Due to the quasi-hemispherical structure of condensates, we were concerned that cell 

viability at the centre might be impaired from a potential lack of nutrients or slower gas exchange 

with the medium. To assess viability, we conducted an assay to visualize esterase activity and 
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nucleic acids. Esterase activity was assessed with calcein AM, a cell-permeant dye that turns 

fluorescent upon enzymatic cleaving. Since esterase enzymes are ubiquitous in animal cells, an 

absence of fluorescence would indicate inactive or dead cells. Nucleic acids were stained with 

ethidium homodimer-1, a non-permeant dye; thus, cytoplasmic fluorescence would indicate 

significant membrane damage and non-viability of the cell59. At day 7 of chondrogenesis, nearly 

all cells in condensates were alive (Fig. 4.4).  

Figure 4.4. Live/Dead assay in condensates. Samples at day 7 of chondrogenic induction stained for 

intracellular esterase activity, indicating live cells (green), and for nucleic acids in membrane-damaged cells 

(red). Scale bar = 50 µm. 

 

In the early stages of cartilage formation, prechondrogenic condensates provide the 

structural basis for subsequent development, as long as they are able to achieve an adequate size. 

Cartilage formation may be delayed or stopped due to small condensates, whereas excessively 

large condensates can lead to the formation of tissue with an anomalous morphology1. While 

multicellular aggregates formed abundantly across S0 and dendrimer-nanopatterned substrates, 

they may differ in size or structure. We measured the projected longitudinal area of condensates 

at different time points of chondrogenesis (Fig. 4.5a). Cells did aggregate into large condensates 

by day 6 on S45 and S90, and to a smaller extent on S0. By day 9, condensates on S18 and SFN also 

reached a similar area (around and above 10,000 µm2, or 0.01 mm2), thus presenting a slower 

condensation rate that eventually resulted in condensates of the same size. However, by day 14, 

condensates on all substrates other than S90 had collapsed, with cells migrating out of them and 

spreading back on the substrate with a fibroblast-like morphology (Fig. 4.5b). Condensates on S90 

at day 14 remained within the same size range as in previous time points, and were significantly 

larger than those on all other substrates.  
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To investigate which mechanisms could contribute to the increased stability of S90 cell 

condensates, we evaluated the structural compaction of condensates. We measured the distance 

between adjacent cell nuclei as a proxy for cell-cell cohesion at day 6 of chondrogenesis. We found 

that condensates on high-adherence substrates S90 and SFN were spatially distributed closer 

together than those on S0, S18 and S45 (Fig. 4.5c).  

Figure 4.5. Condensate size and stability. a) Area of mesenchymal condensates at days 6, 9 and 14 of 

chondrogenic induction. Green dots with dark gray bars correspond to day 6; orange rhomboids with light 

gray bars correspond to day 9; blue asters with white bars correspond to day 14. b) Phase contrast images 

of condensates collapsing in S45 and S18 nanopatterns. Scale bar = 250 μm. c) Horizontal distance between 

adjacent cell’s nuclei in condensates at day 6. a, c) Symbols represent single sample values, bars indicate 

the mean ± SEM, *p < 0.05, **p < 0.01 

 

The process of mesenchymal cell condensation encompasses precise cell shape 

deformations, which are primarily driven by changes in the organization of the actin cortex60. The 

actin cortex is a thin actomyosin network bound to the cell membrane that is found in most animal 

cells and that has a pivotal role in the mechanics of cell migration, cell division and 

morphogenesis61. A typical cortical actin disposition was observed in all the cell condensates while 

cells on SFN substrates, arranged mostly in a 2D configuration, showed a stress-fibre organization 

of the actin network (Fig. 4.6).  

Figure 4.6. Actin structure in condensates. Confocal images showing actin (magenta) and nuclei (blue) in 

cell condensates or monolayers after 6 h of chondrogenic induction. Scale bar = 20 µm. 
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Supracellular mechanical cohesion and coordination are mainly regulated through adherens 

junctions62–64, formed by N-cadherin (CDH2) in mesenchymal cells65. Given the results in 

internuclear distance and long-term stability, we wondered if condensates on S90 might present 

higher levels of N-cadherin expression, which we examined by RT-qPCR (Fig. 4.7a). CDH2 was 

more expressed on S0, S45 and SFN at day 6, with no significant differences at day 9; moreover, 

expression in all conditions was downregulated to a half of undifferentiated hMSCs.  

To further evaluate the role of mechanical junctions, we also measured expression of 

adhesome protein vinculin (VCL), present at cell-cell as well as cell-matrix adhesions (Fig. 4.7a). 

Surprisingly, VCL at 6 and 9 days was upregulated on substrates of low adherence (S0 and S18) with 

respect to SFN, where expression levels were equal to undifferentiated hMSCs. A Western blot of 

VCL indicated equal amounts of protein production on S0, S18 and S45, and lower for S90 and SFN 

(Fig. 4.7b). Immunofluorescence images (Fig. 4.7c) showed that VCL accumulated mainly at the 

rim of cell condensates, wrapping cells in a compacted structure. 

Figure 4.7. N-cadherin and vinculin expression. a) Expression of N-cadherin (CDH2) and vinculin (VCL) 

mRNA, relative to that of undifferentiated hMSCs (assigned value 1, not shown) at day 6 (dark bars with 

green dots) and day 9 (light bars with orange rhomboids) of chondrogenesis. Dots and rhomboids represent 
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single sample values, bars indicate the mean ± SEM, *p < 0.05. b) Western blot of VCL at day 6, and 

corresponding quantification of integrated density normalized to total protein staining. c) Representative 

confocal microscopy images of condensates stained for VCL (yellow) and Hoechst (blue) at day 6. Scale bar 

= 40 µm.  

 

Observations in CDH2 and VCL did not explain how condensate assembly, mechanical 

stability, and structural compaction were promoted on S90 over the other substrates.  

4.2.2. Gap junction intercellular communication 

Gap junctions (GJs) are the main modulators of molecule exchange between adjacent cells. 

Intercellular communication through gap junctions is crucial for correct cartilage 

development24,36; we wondered if ligand density could affect cartilage formation through its 

impact on intercellular communication. To examine intercellular connectivity through GJs in 

chondrogenic condensates, we analysed the expression of GJA1, the gene encoding Cx43, at days 

6 and 9 of culture in chondrogenesis-inducing medium (Fig. 4.8a). At day 6, GJA1 was 

overexpressed on S90 to over twice the level of undifferentiated hMSCs, and downregulated to a 

half on SFN. However, expression on S90 levelled off at day 9 with that of other nanopattern 

configurations. S0, S18 and S45 presented equal GJA1 expression levels at both time points of 

chondrogenic induction.  

We performed protein immunostaining to observe Cx43 production. Quantification of the 

percentage of immunofluorescent area showed higher values on S90 when compared to most 

other substrates at day 6 and a slight decrease at day 9, mirroring mRNA expression (Fig. 4.8b). 

The fact that Cx43 production on S90 was not as high as mRNA expression at day 6 could be 

explained by a rapid turnover of the protein as it accumulates at the plaques19,43. Confocal z-

projections (Fig. 4.8c) of immunostaining show that Cx43 plaques were unevenly distributed 

within the cell condensates, with a tendency to accumulate in the outer cell layers, although not 

as evident as seen above for VCL. 
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Figure 4.8. Ligand density modulates connexin expression. a) Expression of connexin 43 (GJA1) mRNA, 

relative to that of undifferentiated hMSCs (assigned value 1, not shown). b) Quantification of Cx43 

production from immunostaining in cell condensates. a, b) Results at day 6 (dark bars with green dots) and 

day 9 (light bars with orange rhomboids) of chondrogenesis. Dots and rhomboids represent single sample 

values, bars indicate the mean ± SEM, *p < 0.05, ****p < 0.0001. c) Confocal z-projections of Cx43 

immunostaining at day 6 of chondrogenesis. Scale bar = 40 µm. 

 

After observing the effects of substrate ligand density on connexin expression, we aimed to 

discern whether the level of intercellular connectivity was also altered; in other words, if Cx43 

overexpression in S90 translates to the protein network architecture in the developing tissue. We 

employed Fiji plugins to skeletonize the Cx43 immunostaining images (Fig. 4.9a, top; Video 4.1). 

Observation of the resulting network skeletons suggested a higher degree of architectural 

connectivity on S90 when compared to S0 (Fig. 4.9a, zoomed-in images).  

Given an entangled complex network of interconnected branches, shorter branches and 

fewer branch terminations indicate an architecture based on more intricate connections (see 

Chapter 2, Fig. 2.2). We first measured the average branch length in Cx43 protein networks; while 

S90 condensates presented the lowest mean values, there were no significant differences other 

than S0 condensates having longer branches at day 9 (Fig. 4.9b).  

We then quantified the number of branch terminations (labelled as end-point voxels). Once 

normalised to the amount of Cx43 present in each condensate (measured by the immunostaining 

area and number of slides in the confocal stack), we took this value as the inverse index for 

architectural connectivity, given that more branch terminations within a same amount of protein 
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would indicate a lower degree of connectivity in the network (Fig. 4.9c). At days 6 and 9 of 

chondrogenic induction, Cx43 architectural connectivity progressively increased with local surface 

adhesiveness up to S90 and decreased for SFN. At day 9, S90 presented significantly higher 

connectivity than all other conditions except for S45.  

Figure 4.9: Ligand density modulates gap junction network architecture. a) Top: Skeletonized z-

projections of Cx43 immunostaining reveal the branched architecture of the intercellular connectivity 

network. Scale bar = 40 µm. Bottom: Zoomed-in sections of S0 and S90 highlight observable differences in 

the network architecture. Scale bar = 3 µm. b) Average length of Cx43 branches from skeletonized images, 

normalized to Cx43 protein staining. c) Cx43 network architectural connectivity calculated as the inverse 

of the number of end-point voxels (EPVs), normalized to protein staining. Dots and rhomboids represent 

single sample values, bars indicate the mean ± SEM, *p < 0.05, **p < 0.01 

 

Next, we set out to determine whether substrate ligand density effects on both Cx43 

expression and its spatial organization had repercussions in the functionality of intercellular 

communication, an important factor during cartilage development. Observation of the uptake of 

biotinylated or fluorescent tracers is one of the most common methods of demonstrating gap 

junction network coupling; blocking GJIC impairs the transfer of tracers such as calcein or 

neurobiotin (NB)66,67. Dyes can permeate through the exposed Cx43 connexons and diffuse 

inwards across the GJIC network when Ca2+ is maintained below physiological levels (open channel 

conformation)68. Therefore, to assess the functionality of GJIC networks, we conducted a 
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neurobiotin tracer uptake assay in cell condensates. In this assay, samples at day 6 of 

chondrogenic induction were exposed to a buffer (without Ca2+, to induce channel opening) 

containing NB for a set amount of time before staining with a corresponding fluorophore. 

Assuming hemichannel permeability to not be rate-limiting69, the measured uptake of NB should 

be representative of the GJIC efficiency in tracer spreading within mesenchymal cell condensates. 

We first exposed the samples for 10 minutes to ensure that the tracer would permeate the 

condensates; however, this resulted in condensates on all conditions almost filled with tracer, 

which made any differences in the uptake distance unobservable (Fig. 4.10a). This was solved by 

reducing the time of exposure to 90 seconds, which rendered condensates only partially filled 

with tracer and thus allowed for observation of the uptake distance (Fig. 4.10b). Quantification of 

NB diffusion into cell condensates showed uptake was higher in S90 nanopatterns (mean value of 

11.5 µm) while statistically equal on all other substrates (mean values of 6.8 to 8.1 µm) (Fig. 

4.10c). Given the 90-second exposure time, the mean uptake speed of NB in condensates ranged 

from 4.5 µm/min on SFN to 7.7 µm/min on S90.  

Figure 4.10. Gap junction intercellular communication network functionality. a) Confocal z-projections 

showing neurobiotin tracer (red) after 10 min of exposure on condensates at day 6 of chondrogenic 

induction. b) Confocal z-projections showing neurobiotin tracer (red) and cell nuclei (blue) after 90 s of 

exposure. White lines are examples of tracer uptake measured distances. a, b) Scale bar = 80 µm. c) 

Quantification of tracer uptake after 90 s of exposure. Dots represent single sample values, bars indicate 

the mean ± SEM, **p < 0.01 
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4.2.3. Condensate transplantation assay 

Results showed an effect of local surface adhesiveness on intercellular communication 

network architecture and functionality of pre-cartilaginous cell condensates. We then questioned 

whether substrate adhesion is relevant only at the beginning of condensation, as a memory effect, 

or if it continuously influences the tissue as it forms. To consider these two possibilities, we 

designed a transplantation assay in which condensates formed on S90 and S18 were collected at 

day 3, plated on new S90 and S18 substrates and maintained for 3 more days in culture (Fig. 4.11a). 

The percentage of area immunostained for Cx43 was assessed at day 6 for the transplanted and 

non-transplanted condensates. Transplantation from S90 or S18 to fresh S90 substrates caused a 

significant increase in Cx43 production, of 71 ± 21% and 61 ± 19% (mean ± SEM) in each case. On 

the other hand, transplantation of either S90 or S18 condensates to fresh S18 substrates did not 

render significant changes in Cx43 production (Fig. 4.11b). 

Condensates formed on one substrate and then transplanted to another will sense the new 

input only from the basal side, which is in direct contact with the new substrate. We investigated 

if effects derived from changing substrate conditions would be confined to cells at the basal layer 

of condensates or instead propagate thorough the forming tissue to the apical layer of 

condensates. Lateral projections of transplanted condensates presented increased Cx43 

production at all heights (Fig. 4.11c), showing that fresh substrate inputs spread through cells and 

modulated protein expression within the whole forming tissue. Moreover, the proportion of Cx43 

between the basal versus apical regions was equal in control and transplanted condensates, 

indicating that transplantation did not alter the ratios of protein distribution between condensate 

layers (Fig. 4.11d).  

 

 

 

 

 

 



Chapter 4 

132 
 

Figure 4.11. Cell condensates adapt to changing ligand density. a) Schematics of the transplantation 

experiment. Cell condensates formed on S90 and S18 substrates were collected at day 3 and plated on fresh 

S90 or S18 substrates for 3 more days of chondrogenic induction. Black dots represent dendrimers (not to 

scale). b) Quantification of Cx43-stained percentage area for non-transplanted and transplanted 

condensates at day 6, **p < 0.01. c) Confocal lateral projections of control and transplanted S90 

condensates, stained for Cx43 (red) and Hoechst (blue). Scale bar = 10 µm. d) Ratio between Cx43 staining 

intensity at the basal and apical regions of S90 condensates, in control substrates or transplanted to fresh 

S90. Dots represent single sample values, bars indicate the mean ± SEM, n.s.: not significant. 
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4.2.4. Integrin blocking and myosin inhibition  

Integrin adhesions are the main mediators of cell-matrix adhesion and 

mechanotransduction70,71. To evaluate their role in modulating GJIC during mesenchymal 

condensation, we performed an assay intended to impair integrin-dendrimer interactions. We 

cultured MSCs on nanopatterned substrates, allowing them to form multicellular condensates, 

and then added dendrimers in solution to block integrin receptors at the cell membrane. The 

presence of new binding ligands in solution would compete with substrate-adsorbed ligands and 

hinder integrin clustering (see Chapter 3, Fig. 3.11). If substrate effects on Cx43 expression were 

indeed due to ligand density, this treatment would mask them. Disturbance of cell-substrate 

adherence led to a decrease in Cx43 on S90 but not on S18 (Fig. 4.12a). This indicates that integrin-

mediated cell adhesion is responsible for the transduction and regulation of substrate information 

that affects GJIC, and that cell response is maximized when integrins are engaged by the RGD 

configuration provided by S90 nanopatterns.  

Since perturbations at the cell membrane are transduced into chemical responses by 

propagation from integrins through the cytoskeleton51,72, the mechanism by which substrate 

information diffuses within the cell condensates to establish the GJIC network may involve the 

actin cortex. The actomyosin cell cortex, attached to the cytoplasmic side of the cell membrane, 

provides mechanical cohesiveness at the cellular level73. Cortical tension gradients are responsible 

for mesenchymal cell rearrangement during tissue formation and are essential in driving tissue 

morphogenesis74–76. Myosin-II pulls on actin filaments and generates tension77; inhibition of 

myosin-II activity can cause a decrease in cortical tension of up to 80%75. We observed cortical 

actin structures in mesenchymal condensates on nanopatterned substrates, as described above 

(Fig. 4.6). Treatment of day-6 condensates with the myosin-II inhibitor blebbistatin significantly 

decreased the percentage of area immunostained for Cx43 in S90 condensates but not in S18 ones, 

as described above also for integrin blocking (Fig. 4.12a).  

To evaluate the impact of both treatments on cytoskeletal conformation, we stained 

condensates in each case for actin. Control condensates presented the expected cortical actin 

disposition. In-solution dendrimers and blebbistatin affected cytoskeletal conformation in a 

similar manner, inducing a more diffuse distribution of actin in condensates instead of 

concentrating in clearly defined cortical structures as in control conditions (Fig. 4.12b). This 

indicates that cytoskeletal conformation in mesenchymal condensates was dependent of 

cytoskeletal tension, as expected, but also of cell-substrate integrin adhesions. We thus infer that 
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cells at the basal layer of condensates sense ligand inputs through integrins and propagate them 

by actin contractility to adjacent cells. 

Figure 4.12.  Effects of integrin blocking and myosin inhibition. a) Relative amount of Cx43 production on 

S90 (dark bars with red dots) and S18 (light bars with blue rhomboids). Dots and rhomboids represent single 

sample values, bars indicate the mean ± SEM; **p < 0.01. b) Actin staining for S90 condensates at day 6 in 

control conditions, with RGD dendrimers in solution (integrin blocking) or with blebbistatin (myosin 

inhibition). Scale bar = 25 µm.  
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4.3. Discussion 

4.3.1. Ligand density regulates condensate structure, stability and GJIC 

We studied the effects of the nanoscale adhesiveness of the substrate on the establishment 

of GJIC during mesenchymal cell condensation, a prevalent morphogenetic transition78. Because 

cells formed condensates only when cultured in differentiation medium, we can say that the 

observed multicellular aggregates are formed as a direct effect of chondrogenesis induction. 

Moreover, all substrates supported active cells up to at least day 7 of culture, both as a monolayer 

and in condensates. This shows that the present substrates are appropriate for long-term cell 

culture, and that the formation of three-dimensional structures did not subject cells to excessively 

straining conditions.    

Larger and more stable cell condensates were obtained on S90 nanopatterns. Condensates 

on S18 took longer than those on the rest of nanopatterns to reach the same size (by day 9 of 

culture). While we expected that cells would condensate more slowly on S18 than on high-

adherence nanopatterns, we were surprised to see that they were also slower than those on S0. 

This could be explained by cells tending to form stable cell-cell junctions with greater ease on S0 

than on S18, given the lack of competing substrate adhesion sites in the non-patterned substrates. 

Previous works have revealed similar levels of paxillin expression on S0 and S18, showing that 

presenting cells with only 18% of surface area covered with ligands is not enough to facilitate 

adhesion formation79,80. However, S18 substrates might provide enough adherence to make cell-

cell attachment less favourable. Finally, condensates on SFN are formed through a different 

mechanism than those on nanopatterned substrates (as discussed in Chapter 3, Fig. 3.9), 

explaining their slower rate of growth.  

S45 condensates at day 6 were generally larger than S90 ones (with 5 out of 10 measured 

condensates larger than 10,000 µm2, compared to 3 out of 9), a difference that disappeared by 

day 9. This could be explained by cells aggregating in a more disorganized manner on S45 

(supported by the results in the rate of cell-cell collisions in Chapter 3, Fig. 3.7), leading to 

assembled structures that are less stable long-term than those formed on S90, at an optimal speed 

and on a substrate that retains basal cells in place rather than allowing them to migrate out of 

condensates. Only S90 condensates remained structurally stable until at least day 14 of 

differentiation, showcasing the importance of optimal tissue-matrix adherence to sustain the 

anlages that are a crucial stage of cartilage development. 
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Nuclei in high-adherence substrates (S90 and SFN) were closer together than those on low- 

and mid-adherence ones at day 6. This indicates a tighter spatial distribution, or packaging, of 

cells in those condensates. While this could be attributed to cells on S90 being more differentiated 

towards chondrocytes (see Chapter 5, Fig. 5.6), and thus possibly presenting a morphology more 

akin to mature cartilage, that is not the case on SFN. Shorter intercellular distances in condensates 

at day 6 could be a factor explaining the resistance of large S90 condensates to collapse through 

day 14. In fact, previous studies demonstrated that applying pressure to physically constrain 

mesenchymal condensates is enough to induce odontogenesis, showing that condensate 

compaction is a regulator of tissue formation81,82. Interestingly, the binary relation of condensate 

compactness with substrate adhesiveness is similar to the one we observed for filopodia length 

at 8 h of differentiation (see Chapter 3, Fig. 3.4): S0, S18 and S45 present the same mean intercellular 

distance between them, as do S90 and SFN. This again points to S90 as an optimal condition bridging 

nanoscale local ligand density with high adhesiveness.   

Mechanical inputs are propagated through cells mainly by adherens junctions57. To address 

the increased stability and packed structure of S90 condensates, we measured expression of 

adherens junction protein N-cadherin (CDH2) and of cell-cell and cell-matrix junction protein 

vinculin (VCL). Substrate ligand density did not cause any clear variations in CDH2, leading to the 

conclusion that the increased stability and compactness of S90 condensates is not due to stronger 

cell-cell mechanical adhesions. Instead, S90 substrates would improve condensate stability 

through optimal high local adherence (90% of the surface area patterned with high-density 

ligands). A similar behaviour has been recently described in multi-layered epithelia, which can 

self-fold during morphogenesis through a mechanism entailing strong cell-substrate adhesions 

alongside weak cell-cell adhesions, allowing for expansion and subsequent buckling of the 

tissue83.  

Murine sarcoma cells cultured on fibronectin-coated substrates present a negative 

correlation between spreading and E-cadherin expression84, showing that cell-matrix interactions 

can act as downregulators of cell-cell adhesions. Thus, the results in N-cadherin expression could 

be explained by intracellular interactions of integrins and cadherins85–87. Downstream signalling 

of the integrin β1 subunit modulates cadherin localization and the integrity of cell-cell junctions 

during angiogenesis88, and regulates clustering of cytoplasmic cadherins into junctions in neural 

crest cells89. In fibronectin-null mouse myofibroblasts, integrin α5β1 is linked to N-cadherin at 

cell-cell junctions; upon integrin recruitment to matrix adhesions, N-cadherin is also redistributed, 



Condensate structure and intercellular communication 

137 
 

coordinating cell-cell and cell-matrix adherence90. Given that substrate ligand density determines 

focal adhesion formation and thus integrin clustering80, we hypothesize that similar levels of CDH2 

expression among substrates could still generate differently functional networks of cadherin-

mediated cell-cell adhesions, affecting condensate cohesiveness.  

Cadherin expression in tissue is also proportional to surface tension generated by cortical 

actin contractions62, which presents a second possible mechanism to explain condensate 

mechanical stability on S90. As opposed to condensate cohesiveness being driven solely through 

cell-cell adhesions, an optimal balance of integrin adhesions and surface tension would allow 

condensates to achieve tensional homeostasis, improving their structural stability87. Since S18 and 

S90 condensates show equal CDH2 expression levels and thus a similar surface tension, but S90 

condensates are more stable in culture, we pose that stronger cell-substrate adhesions at the 

basal layer of condensates on S90 provide an adequate balance to the existing tissue tension. This 

balance is lost in SFN, where a full protein coating hinders condensation.  

Finally, integrin adhesions can regulate tissue cohesion by attaching cells to each other 

through the secreted matrix in between91,92. Therefore, and while further experiments would be 

required to unveil the specific mechanism behind condensate stability, we can conclude that local 

surface adhesiveness plays a decisive role in modulating the long-term structural resilience of 

multicellular condensates during chondrogenesis93. 

We had expected VCL expression to be higher in condensates of increased mechanical 

stability and under stronger cell-substrate adherence; counterintuitively, VCL was more 

expressed on low-adherence substrates (S0 and S18, compared to SFN). We observed through 

immunostaining that VCL was mainly localized at the rim of cell condensates, similarly as observed 

in amnioserosa cells of embryos undergoing the late stages of dorsal closure, in which VCL confers 

cell cohesiveness and maintains tension94. VCL also provides structural stability to embryonal 

carcinoma cell condensates obtained under non-adherent substrate conditions95. Many cell types, 

such as fibroblasts or epithelial cells, tend to aggregate when cultured on low-adherence or soft 

substrates, but migrate out of explants if cultured on stiff substrates96. Thus, we understand the 

pattern of VCL expression as a response of cells on low-adherence substrates to generate cell-cell 

junctions as an alternative source of stability during condensation, given the lack of cell-substrate 

adhesions. However, these inferred adhesions would appear not to provide the condensates with 

the mechanical stability found on S90. VCL is a cytoplasmic component of cell-cell adhesion 

structures other than adherens junctions, meaning that further experiments would be required 
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to unveil whether VCL expression correlates with other proteins such as zonula occludens-1, 

present at tight junctions.  

We then analysed the influence of substrate ligand density on the establishment of a gap 

junction intercellular communication (GJIC) network in cell condensates. We measured 

expression and production of Cx43, a connexin which is ubiquitously expressed in developing 

cartilage37,97. Cx43 facilitates the formation of multicellular aggregates9 and mediates cell-cell 

adhesion during self-assembly of microtissues from human granulosa cells and fibroblasts98, 

which would help explain the improved mechanical stability of S90 condensates. Indeed, we found 

that GJA1 expression at day 6 of chondrogenesis increased with local surface adhesiveness in the 

nanopatterns. Cell condensates on S90 nanopatterns present increased Cx43 expression with a 

seemingly higher protein turnover rate, revealing a direct effect of substrate ligand density on 

gap junction protein regulation.  

Besides protein expression, the establishment of a communication network requires an 

appropriate protein localization. We analysed the architectural connectivity of Cx43 in 

condensates to assess whether substrate ligand density modulates the development of gap 

junction networks. We found that S90 condensates contain a connexin network that is more 

intricate, with fewer end-point voxels and shorter branches, indicative of improved 

communication capacities. Therefore, beyond modulating gene expression profiles at the cellular 

level, we report an effect of substrate ligand density on the structure of protein networks in the 

developing tissue.  

We evaluated the impact of protein network architecture on its functionality with a 

neurobiotin uptake assay and found that GJIC is more efficient on S90 condensates. The tracer 

speeds that we measured are similar to the range previously observed in HeLa cells, and which is 

affected by their levels of Cx43 expression36. Given a mean condensate area of approximately 

10,000 µm2 for S90, and hence (assuming the circular projected shape that condensates generally 

present) an average radius of 56 µm, the measured uptake rates also explain why an exposure 

time of 10 minutes resulted in condensates nearly filled with tracer. 

Overall, these results show that local surface adhesiveness determines not only protein 

expression but also its spatial disposition during mesenchymal condensation in chondrogenesis, 

affecting the functionality of the forming tissue. Similarly, hMSCs from apical papilla respond to 

increasing substrate stiffness by assembling gap junction plaques, resulting in increased 



Condensate structure and intercellular communication 

139 
 

transmission of lucifer yellow tracer, through a process regulated by FAK and paxillin binding to 

Cx4399. This would correspond with increased paxillin expression previously observed on S90 

substrates80, and focal adhesion size in these mesenchymal condensates (Chapter 5, Fig. 5.4). 

4.3.2. Substrate adhesion continually regulates GJIC across condensate layers 

We designed a condensate transplantation assay to test whether cells in the condensate, 

previously in contact with the substrate during cell recruitment, retain initial substrate 

information (memory effect) or receive a continuous feedback of substrate input. Transplantation 

of cell condensates to a new S90 substrate caused a significant increase in Cx43, showing that cell 

condensates still preserve a certain level of mesenchymal plasticity at early stages of 

chondrogenic differentiation, allowing phenotype reconfiguration in response to the ECM input. 

In a non-developmental setting, hMSCs seeded on non-adherent substrates tend to aggregate, 

which induces an upregulation of stemness factors100–102, allowing for a continuous renewal of 

cell response to changing environmental conditions. 

The fact that condensate transplantation from S90 to fresh S90 caused a further increase in 

Cx43 suggests that cells exert a degree of substrate remodelling that masks the original substrate 

information after at least three days of culture. Cells could generate this effect either through 

matrix secretion, which would progressively cover the substrate and offer competing adhesion 

sites to the cells; or by altering the density and distribution of nanopatterned ligands, which is 

possible because RGD dendrimers are adsorbed but not covalently bound to the substrates. Upon 

transplantation to fresh substrates of the optimal ligand density (S90), condensates sense the 

original signals again and respond with further connexin production. Since transplantation to a 

non-optimal substrate (S18) does not induce any Cx43 production increase, the response observed 

on S90 is specifically due to its local ligand density. We thus conclude that cells continuously sense 

nanoscale substrate inputs and respond accordingly. 

The effects of transplantation on Cx43 expression were observed at all heights within 

condensates, and transplanted condensates maintained the proportion of total protein contained 

at the basal and apical regions, indicating that substrate inputs are propagated into the third 

dimension, across cells to the top. We thus show that changing environmental conditions during 

morphogenesis continually modulate tissue properties, pointing to the importance of accounting 

for time variations in the design of biomaterials for tissue engineering. 
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We addressed the biological mechanism by which cells sense substrate ligand density. 

Blocking integrin-mediated interactions between the substrate and the basal layer in cell 

condensates caused a Cx43 decrease in S90 but not in S18. This observation, together with results 

of condensate stability and GJIC, demonstrates that the establishment of GJIC during 

mesenchymal condensation is an adhesion-gated mechanism, in which S90 nanopattern 

configuration provides optimal local ligand density and distribution to trigger cell response. 

To investigate the propagation of substrate information within cell condensates, we 

conducted a myosin-II inhibition assay. Blebbistatin caused a decrease of Cx43 production in S90 

cell condensates, in agreement with previous reports showing that connexin recruitment in gap 

junctions is modulated by their interactions with cytoskeletal structures35,103. Once integrins are 

engaged, the adhesion information from the substrate is transduced and propagates through the 

actin filaments by myosin-II mediated contraction, which in turn can regulate GJ accretion through 

ZO-143. Cx43 accumulation into GJs and the subsequent GJIC network in a cell monolayer is 

dependent on myosin-VI104. In human tenocytes, Cx43 co-localizes with actin only under myosin-

II activity105, showing that mechanical contractions are necessary for gap junctional regulation 

through cytoskeletal proteins. These results also agree with reports indicating that the dynamics 

of membrane proteins, such as connexins, are regulated by the cell’s actin cortex106. 

Integrin adhesions at the basal plane of a cell monolayer are mechanically connected not 

only to the nucleus and cytoplasm of the cells107,108, but also to their apical plane; strong cell-

substrate adhesions thus stabilize oscillations originating in the apical region of the monolayer109. 

In two-dimensional cell clusters, these tensions are propagated through cadherin cell-cell 

junctions until they are compensated either by cell-substrate adhesions or by cytoskeletal 

contractions110. Recent studies show that actomyosin tensions modulate tissue fluidity at the 

supracellular scale to allow for morphogenetic events such as wound closure57,111,112. Therefore, 

we propose a contractility-based mechanism for the propagation of ECM adhesion information 

within the condensates, in which local substrate adhesiveness induces a rearrangement and 

adaptation of the actin cortex and cell-cell junctions in the first cell layers and propagates through 

the tissue by actomyosin contractions, regulating Cx43 expression and network architecture 

during mesenchymal condensation in early chondrogenesis113 (Fig. 4.13).  
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Fig. 4.13. Proposed model for substrate input sensing and propagation. Schematic representation of 

ligand density sensing through integrin adhesions, followed by actomyosin contraction-guided propagation 

of information in cell condensates.  

 

The structural and mechanical properties of developing cartilage has been described in a 

mouse model114. AFM observation of the matrix secreted by cells at E13.5 showed that it is 

comprised by a meshwork of randomly oriented collagen fibrils. These fibrils contain integrin-

binding sites, mostly located within the overlapping regions (axial D-periodicity of 67 nm), and the 

interfibrillar space could also contain other integrin-binding proteins115,116. This indicates that in 

vivo cartilage development requires a highly adherent matrix surrounding the cells. Therefore, 

the S90 configuration, in which 90% of the surface area contains adhesion sites with a local spacing 

lower than 70 nm, could be emulating the native disposition of integrin binding sites in the ECM 

of developing cartilage, favouring mesenchymal cell condensation and differentiation. 
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5.1. Introduction 

Given the widespread interest for improved regenerative therapies of musculoskeletal 

tissues, different strategies have been explored in recent years. An implant intended to be 

inserted into a patient should mimic the host tissue’s structure and mechanical properties, to 

promote integration. The scaffold must be biocompatible, not be immunologically rejected, allow 

cell infiltration and stand sterilization and surgery procedures. Scaffolds can be preloaded with 

cells that will differentiate and generate the target tissue, or be functionalized with particles such 

as growth factors to recruit cells from the host1,2. On the other hand, in vitro systems that only 

aim to guide cells towards the desired fate, and then remove them for implantation (directly or 

in another carrier), can set some of these considerations aside. This approach can be particularly 

interesting for tissues that generate distinct early morphogenetic structures, such as 

mesenchymal condensates3,4. 

Cell-matrix interactions are driven by nanoscale phenomena, which mediate cell response 

including differentiation5–8. As such, in vitro platforms and biomaterials that aim to modulate cell 

behaviour should be designed taking nanoscale factors into account, helping optimize their 

properties for regenerative therapies9,10. This includes cartilage, tendon and bone. 

Nanobiomaterials with different features have been developed to direct MSCs towards bone 

formation, including surfaces with nanotopographies, nanofibers, and RGD nanopatterns11–17. 

PLLA scaffolds with carbon nanotubes were also employed18. In the case of cartilage, components 

such as nanofibers and nanoparticles can promote MSC differentiation to chondrogenesis19–21. 

Several materials have been applied to design chondrogenic platforms (such as PLLA, hyaluronic 

acid or collagen), but less attention has been paid to the nanoscale adherence of the substrate or 

scaffold22. Comparatively fewer studies have been published on nanobiomaterials for tendon 

regeneration23. 

During tissue patterning, cells induce extensive ECM remodelling that leads to a unique ECM 

composition, characteristic of the target tissue24–26. Stem cell proliferation and differentiation are 

in turn regulated by mechano-chemical inputs from the ECM which are sensed through cell 

membrane receptors, mainly integrins, and transduced into biological signals through 

mechanotransduction27–31. Integrin-mediated cell-substrate adhesions thus modulate a range of 

cell behaviour parameters5,32–36. Given that mechanotransduction is a nanoscale process (see 

Chapter 1, section 1.2), nanopatterned surfaces are used to study ECM–cell interactions and to 

identify the geometric cues that initiate and guide cell adhesion. The spatial distribution of ligands 
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is one of the main factors driving cell response to matrix inputs37 and regulates cell spreading, 

migration or differentiation38–41. Spatial sensing of ECM ligands is transduced at membrane 

adhesions into tensions42, which are transmitted across the cytoskeleton to the cell nucleus 

through the linkers of nucleoskeleton and cytoskeleton (LINC) complexes, regulating nuclear 

dynamics and gene expression43–45. Nuclear morphology mediates cell response to the 

environment; as the nucleus is compressed or deformed, it activates corresponding signalling 

pathways and allows cells to adapt to the shape induced by their surroundings46–48. 

In addition to direct tension transmission from the membrane to the nucleus, mechanical 

signals directing the cell fate involve molecular factors from the Hippo pathway49. This signalling 

pathway is a key regulator of organ size, controlling cell proliferation and apoptosis with an 

important role in the self-renewal and differentiation of both multipotent and tissue-specific 

progenitor cells. The core of the Hippo pathway is composed of a kinase cascade in which the 

STE20-family kinases MST1 and MST2, in complex with the adaptor proteins SAV1, MOBKL1A and 

MOBKL1B, phosphorylate and activate the NDR-family kinases LATS1 and LATS2. Phosphorylated 

LATS1 and LATS2, in turn, phosphorylate and inactivate the transcriptional regulators TAZ and 

Yes-associated protein (YAP), sequestering them in the cytosol, where they are degraded 

(inhibitory phosphorylation of YAP/TAZ)50. Therefore, when the Hippo pathway is inactive, YAP 

translocates into the cell nucleus promoting cell proliferation and stem cell self-renewal, and 

apoptosis is inhibited (Fig. 5.1). Several upstream regulators of the Hippo pathway have been 

described. In particular SRC kinase, which is activated by cell adhesion, facilitates YAP nuclear 

translocation49,51. As such, alterations in YAP activity are a predominant mechanism by which 

mechanotransduction influences cell fate34,52,53.  

Figure 5.1. Regulation of YAP/TAZ nuclear translocation through the Hippo pathway. Adapted under a 

Creative Commons (CC BY 4.0) license from Rausch and Hansen (2020)49.  
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The nuclear translocation of YAP is regulated through a complex interplay of parameters 

such as substrate stiffness and configuration, culture dimensionality and cellular and nuclear 

morphology48,54,55. Cell-cell adhesions in MSCs cause a reduction in YAP activation, affecting the 

downstream signalling events. Thus, cell-cell interactions, which are progressively lost during limb 

development, may actuate as a regulatory mechanism to control tissue maturation56. YAP activity 

levels then affect cell fate52. YAP expression is particularly regulated during chondrogenesis, with 

active YAP increasing within the first days of chondrogenesis and then decreasing during 

chondrocyte maturation57,58. Matrix elasticity also affects the fate of chondrocytes through YAP 

regulation. Mature chondrocytes maintain their phenotype on soft substrates (4 kPa) but tend to 

de-differentiate on stiff substrates (40 kPa), coinciding with a higher translocation of YAP into the 

cell nuclei59 

In this chapter, we employ nanopatterns of the cell-adhesive peptide arginine–glycine–

aspartic acid (RGD) that allow control of the local surface adhesiveness at the nanoscale (see 

Chapter 1, section 1.4) to unveil the adhesive requirements that guide MSCs towards the 

chondrogenic, tenogenic and osteogenic fates and explore the adhesive cues that play a role 

during early mesenchyme patterning. Finding the optimal ligand density to promote stem cell 

differentiation towards these tissues could later be applied in the design of biomaterials to 

regenerate fractured and extensively diseased tissue. From a perspective of cell biology, we were 

interested to see whether local ligand density effects on morphogenesis were confined to 

cartilage formation (as seen in Chapters 3 and 4) or could be expanded to other tissues, indicating 

a general mode of differentiation control during mesenchymal development. We find that 

chondrogenesis and osteogenesis are favoured by high local surface adhesiveness, while 

tenogenesis is not. For chondrogenesis, we analyse YAP localization within cells in condensates 

and find that high ligand density induces YAP nuclear translocation, confirming a 

mechanotransduction pathway that mediates the effects of ligand nanospacing on 

musculoskeletal tissue formation. We then analyse nuclear shape remodelling through FA 

assembly, and their influence on cell differentiation. In chondrogenesis, we identify a biphasic 

response of nuclear shape at low or high local ligand densities. In tenogenesis, tension applied 

from FAs appears to be homogeneously distributed along the cell perimeter independently of 

local surface adhesiveness, promoting a prevalent rounded nuclear morphology, while in 

osteogenesis, nuclear deformation increases linearly with decreasing cell–surface adherence. We 

find lineage commitment to be regulated by tension exerted as a combination of FAs size and 

distribution, in different manners according to each musculoskeletal lineage.  
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5.2. Results 

5.2.1. Nuclear remodelling, cytoskeletal morphology and adhesion size 

Up until this point, we have employed dendrimer-nanopatterned substrates to regulate 

stem cell behaviour in a context of cartilage development. We wanted to extend the work by 

exploring whether the same in vitro platform could be applied to other musculoskeletal tissues, 

namely tendon and bone.  

To investigate whether the local surface adhesiveness could influence nuclear morphology, 

we cultured hMSCs under each of the differentiation media and stained them 24 h later for nuclei. 

We then calculated the nuclear shape index (NSI). Values close to 1 indicate nuclei with a nearly 

circular shape; the lower the NSI, the farther the nuclei shape is from a perfect circle. For 

chondrogenesis, nuclei on SFN (NSI of 0.81) were rounder than the rest, while nuclei on S0 and 

nanopatterned substrates, which were mostly contained in multicellular condensates, were more 

elongated. Nuclei of cells on S90 (NSI of 0.52) were less deformed than those on S18 and S45 (0.38 

and 0.44, respectively) and statistically equal to those on S0 (0.49).  

Cells under tenogenic and osteogenic induction retained a two-dimensional configuration in 

all conditions. In general, osteogenic conditions led to slightly more elongated nuclei than 

tenogenic induction: the NSI mean values in the former ranged from 0.76 to 0.81, whereas in the 

latter they went from 0.79 to 0.83. Cells on S0 substrates presented lower NSI values in both cases. 

We found that for each differentiation fate there was a different nanopattern ligand density that 

induced a high level of nuclear deformation, alongside non-patterned substrates: S45 for 

tenogenesis (NSI of 0.80) and S90 for osteogenesis (NSI of 0.77). In each case, the NSI mean values 

on these conditions were significantly lower than all others, except that of S0 (Fig. 5.2). 
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Figure 5.2. Nuclear shape depends on cell fate. a) Representative nuclei outlines after 24 h of 

chondrogenic (top), tenogenic (middle) and osteogenic (bottom) induction. Scale bar = 50 µm. b) Nuclear 

shape index under cartilage,  tendon and bone induction. Dots represent single data points, bars indicate 

the mean ± SEM, *p < 0.05, **p < 0.01, ****p < 0.0001 

 

During random migration, cells continuously switch between elongated and rounded 

morphologies, remodelling nuclear shape through the lateral compressive forces exerted by actin 

filaments60–62. Random movement alternates fast translocation with slow rotation, for which the 

nuclei switch from elongated to rounded shapes, respectively63. Our results on nuclear 

morphology could indicate that cells on S18 (for chondrogenesis), S45 (for tenogenesis) and S90 (for 

osteogenesis) were moving rapidly with a small contribution of rotation, which would explain 

their tendency towards more elongated shapes. To test this hypothesis, we stained cells for actin 

to observe spreading and morphology. Cells on S0 and nanopatterned substrates under 

chondrogenic induction formed condensates with a cortical actin disposition, whereas on SFN they 

were spread as a monolayer, similarly to those on the other two lineages. Cells on S45 in 

tenogenesis and S90 in osteogenesis looked similar to cells on SFN: widely spread and with clearly 

defined actin fibres. In S0, under both tenogenic and osteogenic induction, actin appeared more 
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punctuated and fibres were less defined (Fig. 5.3). Therefore, while nuclear shape was similar to 

S0 in both cases, cell and cytoskeletal morphology were more akin to those of SFN.  

Figure 5.3. Cytoskeletal morphology. Representative images of cells stained for actin (green) and Hoechst 

(blue) at 24h of chondrogenic (top), tenogenic (middle) and osteogenic (bottom) induction. Scale bar = 50 

µm. 

 

Nuclear morphology is regulated by lateral compressive forces, which derive from the 

tension exerted on actomyosin filaments through focal adhesions (FAs)64,65. Cytoskeletal tensions 

are known to depend on adhesion size; larger integrin clusters and their corresponding assembled 

adhesomes sustain higher forces inwards and outwards of the cell66,67. We thus examined FA 

assembly on the substrates by immunostaining cells for adhesome protein paxillin (PXN) after 24 

h in culture. Substantial amounts of diffuse protein could be observed alongside clearly defined 

PXN clusters, indicating the presence of focal adhesions.  (Fig. 5.4a). We measured the mean area 

of stained FAs to evaluate whether substrate ligand density effects on adhesion formation 

depended on the fate towards which cells were differentiating. In the case of prechondrogenic 

condensates imaged with confocal microscopy, PXN was examined at the basal layer of 

condensates, in contact with the substrate. PXN clusters in this case appeared rounder and more 

diffuse than in other conditions, where cells formed a monolayer and presented more elongated 

FAs. For chondrogenesis, FA size increased with substrate adhesiveness: PXN clusters were 1.7 

µm2 on S0, 2.1 µm2 on S18 and S45, and significantly larger (2.8 µm2) on S90 and SFN. Under tenogenic 
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conditions, FA area increased with local ligand density on nanopatterned substrates and was 

significantly larger for cells on S45 and S90 (3.7-3.8 µm2), but decreased for SFN (3.2 µm2). 

Surprisingly, for osteogenesis, no direct correlation between FA size and local surface 

adhesiveness was found, as the largest FAs were observed on S18 and S45 (4.0 µm2) rather than S90 

(3.6 µm2). As in tenogenesis, the smallest adhesions were found on SFN (3.4 µm2) (Fig. 5.4b). 

Figure 5.4. Focal adhesion (FA) size depends on cell fate. a) Representative epifluorescence images of 

hMSCs after 24 h of culture under chondrogenic (top), tenogenic (middle) and osteogenic (bottom) 

induction, immunostained for the FA protein paxillin. Scale bar = 50 µm.  b) Quantification of FAs area in 

hMSCs after 24 h of culture under chondrogenic, tenogenic and osteogenic induction. Bars indicate the 

mean ± SEM, *p < 0.05, n.s: not significant.  
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We assessed whether there was a correlation between nuclear shape and focal adhesion 

size in each differentiation path (Fig. 5.5a). Under chondrogenic induction, an increase in FA area 

was not clearly linked to nuclear deformation: For instance, cells on S90 and SFN, with equally sized 

FAs, presented very different NSIs, whereas cells on S90 and S0, with differently sized FAs, 

presented equal NSIs. However, a multiphasic trend was observed in condensates on 

nanopatterned substrates, by which NSI initially decreased with increasing FA size (from S0 to S18), 

then remained equal (from S18 to S45) and finally increased alongside FA size (from S45 to S90). FA 

area did not correlate with the NSI under tenogenic stimuli, while in osteogenesis, the NSI linearly 

increased with FA size within nanopatterned substrates. The results in tenogenesis might seem 

counterintuitive, as larger FAs would be expected to exert higher forces on the nuclei and cause 

more deformation, as seen for osteogenesis. However, since nanopatterns provide an uneven 

distribution of RGD, cells adhere to the substrates without a preferential direction. Following this 

premise, FAs could be homogeneously distributed around the cell perimeter even as their size 

increased, thus applying similar forces from all directions and preserving the rounded shape of 

the nuclei65. Observing the distribution of FAs around cell nuclei suggested that this was the case: 

in tenogenic conditions FAs were distributed around nuclei on all conditions, whereas in 

osteogenic conditions we observed that FAs on S90 and S0 appeared to be polarized at two 

opposite sides of each nucleus (Fig. 5.5b). 
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Figure 5.5. Focal adhesion (FA) size influence on nuclear remodelling. a) Correlation of the nuclear shape 

index with focal adhesion area under chondrogenic, tenogenic or osteogenic induction on each substrate. 

Green dots with bars show the mean ± SEM. Solid red lines indicate trends in graphs. Dashed red lines are 

visual guides following substrates in order of adhesiveness. b) Images of cell nuclei (blue) with the clusters 

in paxillin staining measured as focal adhesions (white). Scale bar = 50 µm.  
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5.2.2.  Differentiation to cartilage, tendon and bone 

Previous work at the Nanobioengineering group indicated that S90 ligand density promotes 

cell differentiation towards cartilage at day 5 of culture68. To further confirm these results, we 

seeded hMSCs on the nanopatterned substrates in chondrogenic medium and measured the 

expression levels of chondrogenic marker SOX9 at days 6 and 9 of culture. SOX9 is a transcription 

factor characteristic of cartilage development, both during mesenchymal condensation, when it 

induces cell differentiation and matrix secretion, and in later stages, when it prevents adult 

chondrocytes from becoming hypertrophic69–71. Mutations in the SOX9 gene lead to severe 

skeletal defects in mice72. SOX9 was significantly upregulated on S90 at days 6 (relative to all other 

conditions) and 9 (relative to S0 and SFN) of chondrogenic induction (Fig. 5.6): 

Figure 5.6. Effect of substrate nanopatterning on cartilage differentiation. Expression of SOX9 mRNA, 

relative to that of S0, at days 6 (dark bars with green dots) and 9 (light bars with orange rhomboids) of 

chondrogenesis. Dots and rhomboids represent single data points, bars indicate the mean ± SEM; *p < 0.05, 

**p < 0.01 

 

To examine the impact of mechanotransduction on how local surface adhesiveness 

regulates chondrogenesis, we examined YAP localization at two early time points of 

differentiation. Observation of immunostained YAP in mesenchymal condensates showed that 

most nuclei were devoid of the protein or contained small amounts of it, compared to the 

surrounding cytosol (Fig. 5.7a). We measured the ratio of nuclear versus cytoplasmic staining for 

all conditions at 6 hours of culture; and for S18 and S90 at 72 hours. YAP was mostly cytoplasmic in 

all experimental conditions (all mean ratios were lower than 0.5). At 6 h of culture, S45 and S90 

presented higher ratios of nuclear translocation than all other substrates, with mean values of 

0.35 and 0.38, compared to 0.25-0.26 found on S0, S18 and SFN. After 3 days, YAP nuclear 

translocation increased for both S18 (0.39) and S90 (0.47), with the latter still presenting the highest 

translocation ratio (Fig. 5.7b). 
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Fig. 5.7. YAP nuclear translocation in chondrogenesis. a) Confocal images showing YAP at 6 h of 

chondrogenesis. Top: merged nuclei (Hoechst, blue) and YAP staining (yellow). Bottom: cell nuclei 

perimeters superimposed on YAP staining. Scale bar = 50 μm. b) Quantification of YAP localization at 6 

hours (dark bars with green dots) and 3 days (light bars with orange rhomboids) of chondrogenesis. Dots 

and rhomboids represent single data points, bars indicate the mean ± SEM, **p < 0.01, ***p < 0.001 

 

We seeded hMSCs in tenogenesis- or osteogenesis-inducing media and measured the area 

immunostained for specific differentiation protein markers. To quantify tenogenesis, cultures 

were immunostained for scleraxis (SCX, Fig. 5.8a) and collagen-I (COL-I, Fig. 5.8b) after three days, 

and for tenomodulin (TNMD) after six days. These are three markers commonly used to assess 

tendon formation in vitro73–75. Scleraxis is a transcription factor specifically expressed in tendon 

across development stages, from early progenitors to mature tissue76. It subsequently mediates 

the expression of COL-I, one of the main components of the extracellular matrix in tendon and 

other musculoskeletal tissues77. We observed a similar pattern for SCX and COL-I, with protein 

staining levels tending to increase from S0 to S45 and then decrease until SFN, although there were 

no significant differences between the means of different conditions. Tenomodulin (TNMD) is a 

transmembrane glycoprotein that is a specific marker of later tenogenesis stages, appearing 

several days after peak SCX expression23,78. We measured TNMD staining at day 6 of tenogenesis 

and observed no differences between substrates, although there was a trend for protein staining 

to slightly decrease with increasing substrate adhesiveness (Fig. 5.8c).  
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Figure 5.8. Effect of substrate nanopatterning on tendon differentiation. a) Fluorescence images of cells 

immunostained for scleraxis (red) at day 3 of tenogenesis. Scale bar = 50 µm. b) Representative 

fluorescence image of cells immunostained for collagen-I (green) at day 3 of tenogenesis. Scale bar = 25 

µm. c) Quantification of area stained for scleraxis, collagen-I and tenomodulin at days 3 and 6 of 

tenogenesis. Dots represent single data points, bars indicate the mean ± SEM.  

 

To assess osteogenesis, cultures were immunostained for osterix (OSX) after 48 h and for 

alkaline phosphatase (ALP) after six days of osteogenic induction. Osterix is a transcription factor 

that is activated and translocates to the nucleus during the very first stages of differentiation, 

where it activates downstream osteogenic genes79. It is a necessary protein for bone 

development: in OSX-null mice, MSCs do not deposit bone matrix and bone formation is 

impaired80. We first counted the proportion of cells containing any amount of OSX visible upon 

first observation of the nucleus (Fig. 5.9a). In most S90 images (14 out of 24), at least 75% of cells 

presented nuclear OSX, whereas in other nanopatterned substrates most single values were 

below this threshold, and on SFN all were lower than 70%. Overall, S90 substrates presented the 

highest proportion of cells with visible nuclear OSX (61%), almost double than S18 (32%). S0, S45 

and SFN presented mean values between 39% and 48%, statistically equal to all others (Fig. 5.9b).  

To quantify OSX nuclear translocation, indicative of cells having initiated osteogenic 

differentiation, we measured staining intensity in equal areas inside and just outside of the 

nucleus (Fig. 5.9c). While most of the protein was contained in the cytoplasm, cells on S90 

presented a significantly higher level of OSX translocation with a nuclear-cytoplasmic ratio of 0.62, 

compared to 0.47-0.54 for other conditions (Fig. 5.9d).  
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Alkaline phosphatase is a dephosphorylating enzyme and its activity significantly increases 

during bone formation81,82. We immunostained ALP at day 6 of osteogenic induction (Fig. 5.9e). 

The highest values of ALP staining were reached on S0 and S90 nanopatterns, both of which were 

significant when compared to S18 (Fig. 5.9f). Altogether, our results point to the requirements of 

local surface adhesiveness depending on the lineage commitment. 

Figure 5.9. Effect of substrate nanopatterning on bone differentiation. a) Fluorescence images of cells 

immunostained for osterix (red) and nuclei (blue) at 48 h of osteogenesis. Scale bar = 50 µm. b) Percentage 

of nuclei containing visible osterix. c) Zoomed-in areas of osterix staining with nuclei contours in white. 

Scale bar = 10 µm. d) Quantification of osterix translocation by relative intensity in the nucleus and the 

cytosol. e) Fluorescence images of alkaline phosphatase staining (green) at day 7 of osteogenesis. Scale bar 

= 50 µm. f) Quantification of area stained for alkaline phosphatase. Dots represent single data points, bars 

indicate the mean ± SEM, *p < 0.05, **p < 0.01. 
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5.2.3. Lineage commitment through adherence and nuclear shape  

Focal adhesions at the cell-substrate interface are the main form of mechanical signal 

sensing between the cell and the ECM83–85. We analysed whether FA area at 24 h of culture could 

account for the measured levels of selected differentiation markers at later time points (Fig. 

5.10a). This was the case for chondrogenesis, where SOX9 expression increased with FA area on 

nanopatterned substrates. Under tenogenic induction, the levels of SCX staining increased 

progressively with the size of FAs, whereas under osteogenic induction, ALP staining showed the 

opposite relation to FA size: higher levels of ALP were obtained with decreasing cell–substrate 

adhesion area, except on SFN.  

Focal adhesion tensions propagate through the cytoskeleton to influence nuclear 

morphology86, regulating gene transcription65,87. Therefore, we analysed whether marker 

expression in each differentiation path could be linked to the NSI of cells according to substrate 

adhesiveness. Chondrogenesis again improved with increasing NSI (rounder nuclei), except for 

SFN. For tenogenesis, no correlation was found between SCX staining and the NSI. In contrast, for 

osteogenesis, ALP staining increased with nuclear elongation (Fig. 5.10b).  

Figure 5.10. Adherence and nuclear remodelling mediate differentiation. Correlation of selected 

differentiation markers with adhesion area (top) and nuclear shape index (bottom) under chondrogenic, 

tenogenic and osteogenic conditions on each substrate. Green dots with bars show the mean ± SEM. Solid 

red lines indicate trends in graphs. Dashed red lines are visual guides following substrates in order of 

adhesiveness. 
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Nuclear morphology has also been linked to the degree of chromatin condensation, 

affecting gene expression in response to environmental inputs65,87,88. We observed cell nuclei 

stained with Hoechst to assess whether observable differences were present. No relevant 

changes were observed in chromatin condensation among the different tested conditions of 

substrate adhesiveness and differentiation commitment, and more condensed or more diffuse 

chromatin configurations could not be assigned to any particular behaviour (Fig. 5.11a). In 

tenogenesis and osteogenesis, nuclei on substrates inducing more nuclear deformation 

presented a similar appearance to their respective fibronectin-coated substrates (Fig. 5.11b).  

Figure 5.11. Chromatin condensation. a) Representative confocal (for cartilage) or epifluorescence (for 

tendon and bone) images of cell nuclei in hMSCs cultured under chondrogenic (top), tenogenic (middle) or 

osteogenic (bottom) induction for 24 h. Scale bar = 20 µm. b) Comparison of three-dimensional surface 

plots showing chromatin condensations obtained on nanopatterns with highest nuclear elongation versus 

their respective SFN, in tenogenesis and osteogenesis.  
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5.2.4. Freezing mesenchymal condensates 

The ultimate goal of nanobiomaterials is to improve the current state of the art in 

regenerative therapies of the target tissue. Previous in vivo assays in a sheep model showed that 

PLLA/chitosan scaffolds, loaded with MSCs and implanted into osteochondral defects, promote 

articular cartilage regeneration to a higher degree if they are functionalized with RGD dendrimers. 

To test a further application of dendrimer-nanopatterned substrates in musculoskeletal 

regenerative therapies, current studies at the Nanobioengineering Group aim to load 

mesenchymal condensates onto chondrogenesis- and osteogenesis-inducing carriers, to engineer 

optimal osteochondral precursor constructs that will promote articular regeneration. In that 

regard, we analysed whether mesenchymal condensates could be stored frozen for use at a later 

desired time. We removed formed condensates from S90 substrates at day 6 of chondrogenic 

differentiation, froze them, thawed them back and seeded them on new substrates. After another 

2 days in culture, condensates retained their general size and structure. We then conducted a 

Live/Dead assay on thawed condensates, showing that most cells in them were alive (Fig. 5.12).  

Fig. 5.12. Live/Dead assay in condensates after a freeze-thaw cycle. Representative confocal images of 

frozen and thawed S90 condensates, stained for intracellular esterase activity, indicating live cells (green), 

and for nucleic acids in membrane-damaged cells (red). Scale bar = 50 µm.  
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5.3. Discussion 

We have discussed in the previous chapters how substrate ligand density modulates the 

early steps of mesenchymal condensation and cartilage development. In this chapter we seeded 

mesenchymal stem cells on dendrimer nanopatterns under chondrogenic, tenogenic or 

osteogenic stimulation, to evaluate their morphological and differentiation responses to 

substrate adhesiveness. 

5.3.1. Adhesion area modulates nuclear morphology  

Nuclear positioning and remodelling are necessary for mesenchymal cells to migrate and 

differentiate47,63. Nuclear dynamics are controlled by tension exerted from adhesions and 

propagated through the cytoskeleton to the nuclear actin cap44,65. We examined nuclear 

morphology on the nanopatterns and observed that hMSCs nuclei behaved differently depending 

on the differentiation stimuli: Cells under chondrogenic stimuli on S0 and nanopatterned 

substrates aggregated into condensates, which induced nuclear elongation, although S0 and S90 

condensates presented slightly higher NSI values.  Under tenogenic induction, the lowest values 

of NSI were found for cells cultured on S45, and on S90 for osteogenesis. In both cases, they were 

comparable to the values of the respective non-adherent substrates (S0). Therefore, an interesting 

pattern emerges by which each lineage induces distinctly shaped nuclei on both S0 and one of the 

nanopatterned substrates. Nuclei on S0 and S90 are rounder during chondrogenesis, whereas 

nuclei on S0 and S45 for tenogenesis, or S0 and S90 for osteogenesis, are more elongated. As 

discussed below, S90 is also the substrate condition that promotes differentiation towards both 

cartilage and bone.  

Cytoskeletal staining in chondrogenesis showed the expected cortical structure for 

mesenchymal condensates, or a monolayer disposition for SFN. For tenogenesis and osteogenesis, 

while cytoskeletal staining of cells on S0 showed punctuated and poorly defined actin fibres and 

distorted cell morphology, cells on S45 and S90 (for each lineage respectively) were spread and 

presented clearly defined actin fibres, similar to those on SFN. Therefore, we conclude that nuclear 

distortion on the nanopatterns is related to tension applied through the cytoskeleton due to 

substrate ligand density. This is supported by the fact that osteogenesis is generally promoted 

through morphological changes in cells subjected to high cytoskeletal tensions89,90.  

Since cytoskeletal tension is mostly governed by integrin-mediated cell adhesion27, we 

examined FA assembly. In chondrogenesis, adhesion size increased with substrate adhesiveness. 
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The same was true for tenogenic conditions excluding SFN, with the largest adhesions found on S45 

and S90 nanopatterns. However, for osteogenesis, larger FAs were formed on S45 and S18 

nanopatterns. This was surprising, since we expected FA assembly to be favoured at higher ligand 

densities, as observed for chondrogenesis and tenogenesis. It is well established that cells seeded 

on ordered RGD nanopatterns attach more efficiently and develop larger FAs at shorter 

interparticle nanospacings within the 58 nm (corresponding to S90, see Chapter 1, Table 1.1) to 70 

nm (corresponding to S18) range on stiff substrates37. Importantly, substrates in our setup present 

an uneven distribution of RGD, meaning that surfaces with lower ligand densities also contain 

local nanospacings below 70 nm, promoting adhesion at these regions91. However, this 

characteristic of disordered patterns does not explain why cells undergoing osteogenesis form 

larger FAs on substrates of low and medium ligand densities, rather than high. This points to a 

mechanism by which, under osteogenic stimuli, cell-substrate adhesion maturation is impaired at 

high ligand densities. A previous theoretical model states that very large stresses prevent the 

growth of adhesion complexes, and that the tension threshold beyond which maturation is 

impaired depends on cell type and matrix composition15. Given that FAs in osteogenesis were 

generally larger than in chondrogenesis and tenogenesis, this could be the situation on S90 under 

osteogenic induction and would explain why different behaviours are observed depending on 

lineage commitment. Indeed, adhesions under osteogenic stimuli on S18 and S45 were nearly 4.0 

µm2 on average, whereas on S90 they decreased to 3.6 µm2, smaller than on S0. On the other hand, 

the largest adhesions under chondrogenesis (sustained on S90 and SFN) were only 2.8 µm2, while 

under tenogenesis (sustained on S45 and S90) they were smaller than 3.8 µm2. It is therefore 

possible that adhesions around or above 4.0 µm2 would have formed on S90 during osteogenesis, 

but collapsed before reaching that value due to the excessive tensions exerted on them. 

The observed cell behaviour regarding adhesion size would also agree with the molecular 

clutch model by which very high tensions lead to adhesion collapse. The model states that cells 

cultured on soft substrates experience tension build-up and subsequent adhesion disassembly at 

short interparticle nanospacings, whereas stiff substrates promote adhesion growth with 

increasing ligand density42. Since our substrates are rigid (they consist of a thin polymer coating 

on glass), we would expect to observe the behaviour described for stiff substrates, as indeed 

occurs for chondrogenesis and tenogenesis. However, disordered ligand distributions (as is the 

case here) reduce the rigidity threshold under which large adhesions would require larger ligand 

nanospacings in order not to collapse42. This threshold appears to be breached under osteogenic 

conditions, explaining the counterintuitive results regarding larger adhesions on S18 and S45 than 
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on S90. Therefore, according to the molecular clutch model, cells undergoing osteogenesis on S90 

would require stiffer substrates to form larger adhesions capable of sustaining higher tensions. 

5.3.2. Optimal ligand densities to promote differentiation 

We analysed cell commitment induced by the differentiation media as influenced by 

substrate nanoscale ligand density. We find that high local ligand density nanopatterns (S90) 

induce an increase in early chondrogenic differentiation68,92. This relates to a study linking high 

ligand density with improved chondrogenesis: gold nanoparticles functionalized with RGD ligands 

are endocytosed into hMSCs, with the highest RGD density resulting in increased cellular uptake 

and improved chondrogenesis in cell pellets20. Authors suggested that high RGD density promotes 

chondrogenesis by facilitating integrin activation alongside cell-cell interactions, which would also 

explain results in our system given the increased mechanical cohesiveness and gap junctional 

communication of S90 condensates (as seen in Chapter 4). Another study employing PEG hydrogels 

with hexagonal RGD nanopatterns found an opposite trend, with chondrogenesis being promoted 

at large nanospacings (161 nm) rather than small ones (63 nm). However, in this case MSCs did 

not form three-dimensional condensates93. Authors did note that chondrogenic differentiation 

occurred on substrates where cells retained a round rather than spread morphology, 

corresponding with our results on nuclear deformation in chondrogenesis, which show that S90 

nuclei are rounder than those on S18 and S45. Therefore, chondrogenic differentiation is probably 

linked to the distinct structure and mechanical properties of condensates on this substrate, and 

to the morphology that cells adopt in them. Cell shape and tissue compaction are indeed 

regulators of differentiation87,89,94. 

We find no clear effects of ligand density on tendon formation. This could be due to 

shortfalls of the experimental setup, or to tendon formation being less susceptible to local ligand 

density than cartilage and bone. It should be noted that published literature on the modulation 

of tendon formation through substrate engineering is not nearly as abundant as on the other two 

tissues, possibly indicating a higher degree of difficulty to obtain positive results. Instead, 

induction of tendon differentiation seems to require mechanical stimulation such as cell 

stretching cycles that promote cell alignment74,95–99. 

For osteogenesis, differentiation at day 3 was favoured on S90. A recent study showed that 

streptavidin substrates promote osteogenesis when functionalized with a high concentration of 

cyclic RGD, which increases integrin clustering and upregulates BMP2 signalling17. By day 6 of 
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differentiation, S90 but also S0 presented higher levels of differentiation than S18. Optimal ligand 

density requirements thus depend on the developing cell lineage and possibly also on the time 

point of differentiation.  

Previous reports indicated that osteogenesis is promoted on RGD nanopatterns with large 

interparticle spacings (between 87 and 124 nm) on PEG hydrogels40,100. While this would seem to 

contradict our results, these studies found the expected relation between interparticle spacing 

and FA size, with larger adhesions forming on substrates of higher ligand density, which was not 

the case on our nanopatterned substrates under osteogenic conditions. This difference could be 

due to the different stiffness of PEG hydrogels versus PLLA-coated glass substrates, as discussed 

above; and to the different effects of ordered versus disordered nanopatterns on cell adhesion91. 

Hence, our results match other reports in that a higher degree of osteogenic differentiation is 

observed on substrates that promote smaller adhesions; in our case, S0 but also S90.  

5.3.3. YAP-mediated mechanotransduction in chondrogenesis  

We analysed the intracellular localization of YAP transcriptor coactivator in chondrogenesis 

and found that it was influenced by the local surface adhesiveness of the nanopatterns. YAP 

localization in three-dimensional prechondrogenic condensates was predominantly cytosolic in 

all conditions, corresponding with previous reports of YAP activity in 3D and in which cells also 

present a cortical actin disposition101. Moreover, high-density cultures (such as packed 

multicellular condensates) undergo activation of the Hippo pathway and YAP cytosol sequestering 

through a mechanism known as contact inhibition of proliferation, explaining the cytosolic-

leaning ratios of YAP localization that we observe102–104. Contraction of perinuclear actin fibres in 

2D cultures on stiff substrates flattens the nucleus and opens the nuclear pores, thereby 

facilitating YAP import105, which would seemingly be the case of fibronectin-coated substrates. 

Epithelial cells plated at low density on fibronectin substrates also experience an increase in YAP 

nuclear translocation via the FAK-Src-PI3K pathway106; however, the high-density monolayer 

disposition that hMSCs adopt on SFN would hinder YAP translocation as discussed above. 

Although still mainly located in the cytosol, YAP translocation to the nucleus was higher in 

S45 and S90, correlating with substrate ligand density. Interestingly, while S45 condensates 

displayed YAP translocation values at 6 h similar to those of S90, this did not result in increased 

chondrogenic differentiation. Hence, while YAP-mediated mechanotransduction is possibly a 
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necessary step of cartilage formation, it is not enough to induce chondrogenesis by itself within 

the time frames analysed here.  

Active YAP in the condensates increased after three days of chondrogenic induction, 

indicating that prolonged culture led to higher levels of mechanotransduction. This corresponds 

with the described YAP nuclear translocation in the early stages of chondrogenesis: in micromass 

cultures of chondroprogenitor cells, nuclear Yap peaks at day 5 and then gradually decreases, 

becoming mainly cytosolic after day 10, coinciding with the expression levels of chondrogenic 

markers Col2a1 and Col10a157,58. Therefore, we can link YAP nuclear translocation with increased 

differentiation on S90 nanopatterns. While it is possible that cells on other substrates also undergo 

chondrogenesis, this process would in any case be substantially slower without the appropriate 

nanoscale ligand configuration conferred by S90 substrates. In conclusion, controlling nanoscale 

local surface adhesiveness during the first chondrogenic steps is crucial to modulate YAP-

mediated mechanotransduction and direct the fate of MSCs towards cartilage107. 

5.3.4. Local ligand density modulates differentiation through adhesion size and 

distribution 

As nanopatterned surfaces provide an isotropic distribution of ligands, there is no 

preferential direction for cell adhesion, which would therefore result in a homogeneous 

distribution of the applied tension and favour a round nuclear morphology. Accordingly, no 

correlation was found between FA size and NSI under tenogenic conditions at 24 h, indicating that 

the applied tension was distributed around the cell perimeter, independently of adhesion size. 

We report a distinct biphasic behaviour in chondrogenesis, by which cells initially respond to 

increasing FA area by deforming their nuclei; as adhesion area increases, nuclear morphology 

becomes rounder again. We thus hypothesise that tension under chondrogenic induction is 

exerted through of a combination of adhesion size and distribution, regulating nuclear elongation. 

By this model, as adhesion assembly progresses, their location shifts in two stages: smaller and 

larger adhesions are distributed around the nucleus more evenly than medium-sized adhesions, 

which are more polarized. The former would induce nuclear roundness, while the latter would 

promote elongation. Because cells under chondrogenic stimuli aggregate into packed 

multicellular condensates, it cannot be determined from confocal microscopy images of paxillin 

staining whether this is the case. Cells on SFN do present a distribution of paxillin clusters around 

nuclei similar to those in tenogenesis and osteogenesis, explaining the equal NSI values of 0.81 in 

all three lineages on this substrate.  
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In the case of osteogenesis, we find a clear trend for cell nuclei to become rounder as the 

FA area increases on nanopatterned substrates (which means that nuclei are rounder on S18 and 

S45 than on S90, because cells on these substrates generate larger adhesions, as discussed above).  

As with chondrogenesis, this suggests that nuclear shape is regulated through both adhesion size 

and spatial distribution. Paxillin immunostaining in osteogenesis does show more polarized 

adhesions on the nanopatterned substrates where cells form smaller adhesions. Therefore, we 

conclude that during osteogenesis on nanopatterned substrates, smaller FAs are more polarized 

at two opposites sides of each nucleus, whereas larger FAs are more heterogeneously distributed. 

This varying distribution of FAs as they grow mediates nuclear morphology in the differentiating 

cells (Fig. 5.13). 

Figure 5.13. Nuclear morphology is modulated by focal adhesion size and distribution according to cell 

fate. Differentiation of hMSCs is regulated by the tension applied, which depends on FA size (tension 

module) and distribution (tension orientation) on nanopatterned substrates. Cell response varies according 

to the musculoskeletal lineage that is the fate of differentiation.  
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Finally, we analysed the relation between cell differentiation to each of the three 

musculoskeletal lineages with adhesion size and nuclear shape. We find that differentiation does 

depend on FA size and NSI, although in a different manner for each analysed cell fate. In 

chondrogenesis, marker expression increased when both FA size and the NSI also increased, 

excluding fibronectin-coated substrates. This again points to a close correlation between cell-

substrate adhesion, the resulting cell shape in mesenchymal condensates, and subsequent 

differentiation towards chondrocytes. In tenogenesis, larger FAs evenly positioned around the 

nucleus seem to correlate with higher expression levels of the early tenogenic marker, supported 

by the described round morphology observed in tendon precursor cells108. Cells under osteogenic 

conditions presented an opposite trend to the other lineages: smaller adhesions and elongated 

nuclei promoted differentiation. Thus, tension exerted through a combination of adhesion size 

and distribution regulates nuclear morphology and the subsequent osteogenic commitment, 

which is favoured by nuclear elongation109. 
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Injuries and conditions of musculoskeletal tissues such as cartilage, tendon and bone are 

among the main causes of disability worldwide and there is a wide need for improved 

regenerative therapies. In vitro platforms and biomaterials that aim to guide stem cell 

differentiation should be designed considering that cells interact with their surroundings through 

nanoscale receptors at the membrane, attaching to ligands in the extracellular matrix. We have 

successfully employed uneven dendrimer-nanopatterned substrates to modulate local cell-

surface adherence in cells undergoing differentiation towards cartilage, tendon and bone. We 

elucidate nanoscale adherence cues driving stem cell behaviour and differentiation during the 

formation of these musculoskeletal tissues, and the corresponding mechanisms of signal sensing 

and transduction: 

- Mesenchymal stem cells (MSCs) adapt their motility mode to substrate local adherence during 

early cartilage formation. While cells on low-adherence substrates migrate in an amoeboid 

manner, cells on protein coatings behave as fully mesenchymal. 

- Mesenchymal condensation on pristine and nanopatterned substrates is regulated by an 

equilibrium between contact inhibition of locomotion and contact following of locomotion, 

whereas condensation on protein coatings entails the formation of topological defects in the 

nematic order of the established monolayer.  

- Nanopatterns of high local ligand density represent an intersection between tailored local 

ligand density and full protein coatings. Cells on this condition present behaviours selectively 

similar to those on low-density nanopatterned substrates and protein coatings: While they 

migrate as single round cells and quickly form condensates, they also develop local 

monolayer-like structures and extend large protrusions. 

- The response of MSCs to substrate local adherence on nanopatterns can be linear or biphasic, 

depending on the parameter. Linear parameters include net displacement and directionality 

during migration, mechanical cell-cell adherence in condensates and bone differentiation. 

Biphasic parameters include protrusion size, migration velocity, the rate of cell-cell collisions, 

condensate compaction, gap junction intercellular communication (GJIC), the nuclear 

translocation of Yes-associated protein and cartilage differentiation.  

- Cell sensing and response to local ligand density is a continuous process that influences gap 

junction protein production during and after condensation. Substrate adherence is sensed by 

integrin adhesions and propagated to adjacent cells through cytoskeletal contractions.  
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- The formation of cell-substrate adhesions depends on the musculoskeletal lineage that cells 

are differentiating to. Cells undergoing osteogenesis form larger adhesions on substrates of 

lower local ligand density, contrary to cells under chondrogenic or tenogenic induction. We 

attribute this behaviour to the specific requirements of each tissue and to the relation 

between ligand spacing and substrate stiffness. 

- Nuclear elongation holds a different relation with adhesion size in each of the analysed 

tissues, showcasing the role of the nucleus as a transductor of substrate adherence. We 

attribute these differences to the developmental characteristics of each tissue and the varying 

distribution of adhesions around the nucleus in each case. 

- Nanopatterns of high local ligand density provide MSCs with optimal conditions to promote 

cartilage development (as seen through condensate structure and stability, GJIC and cell 

differentiation) and osteogenic differentiation. Mesenchymal condensates from this 

condition can be removed from the substrate, frozen and thawed again without loss of 

structure or cell viability, indicating their potential adequacy for cell-based regenerative 

therapies. 

Our findings reflect the impact that the fine tuning of materials interfaces has in cell 

response. By tailoring the nanopattern configuration of the cell-adhesive motif RGD, we exerted 

control over the formation, architecture and function of a complex dynamic biological system 

such as mesenchymal condensates. Moreover, we demonstrate that substrate functionalization 

should be designed according to the specific nanoscale requirements of the target tissue. The 

results have an immediate application to in vitro engineering of musculoskeletal tissues, but they 

are also extensible to the study of other biological processes in which active ECM remodelling and 

thus, changes in the adhesion requirements play an active role. 
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Resum en català (Summary in Catalan) 

Extracte introductori  

Tradicionalment descrites com la unitat més petita de la vida, les cèl·lules modulen 

contínuament el seu comportament segons l'ambient on es troben i la companyia que mantenen. 

Aquest comportament és també inherent als éssers humans, ja que percebem el nostre entorn 

mitjançant sistemes altament especialitzats (els cinc sentits) que fan de sensors i transductors de 

senyals. A través d’aquests sistemes podem experimentar el món que ens envolta, interactuar 

amb ell i, en la mesura de les nostres capacitats, intentar remodelar-lo per adaptar-lo als nostres 

propòsits, tal com fan les cèl·lules que ens componen. 

La pregunta de com les cèl·lules perceben el seu entorn (inclosa la matriu extracel·lular i les 

cèl·lules veïnes) i hi responen ha fascinat la comunitat científica des de fa dècades. Se sap que les 

indicacions que reben del seu ambient poden portar les cèl·lules per camins diferents com ara la 

divisió, la diferenciació i fins i tot la malignitat, essent un regulador primordial de la funció cel·lular 

en moltes situacions fisiològiques. Per tant, aprofundint en la nostra comprensió fonamental de 

les interaccions cèl·lula-matriu, els investigadors també contribueixen al desenvolupament de 

teràpies o dispositius per fer front a lesions i malalties del nostre cos. En aquest treball explorem 

les interaccions cèl·lula-matriu que regulen el desenvolupament de teixits musculoesquelètics, 

que són alguns dels més freqüentment lesionats i entre les principals causes de discapacitat al 

món. 

Com que les cèl·lules tenen una mica micromètrica, les seves interaccions amb la matriu del 

seu voltant tenen lloc principalment a escala nanomètrica. Els receptors de proteïnes de la 

membrana cel·lular s'uneixen als lligands presents a les proteïnes extracel·lulars; aquestes 

adhesions tenen repercussions intracel·lulars i regulen paràmetres com la forma cel·lular, 

l'organització del citoesquelet o l'expressió gènica. En aquesta tesi produïm nanopatrons de 

lligands adherents per a les cèl·lules, i els utilitzem com a plataformes in vitro on cultivem cèl·lules 

mare mesenquimals, en medis de cultiu inductors de diferenciació cap a cartílag, tendó o os, tres 

teixits musculoesquelètics. També emprem substrats totalment coberts de fibronectina (proteïna 

de la matriu extracel·lular) com a condició d’alta adherència amb senyalització biològica 

completa. Analitzem la dinàmica del moviment cel·lular, la formació de les primeres estructures 

de teixits i les seves propietats mecàniques i estabilitat, la comunicació intercel·lular i la 
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diferenciació cel·lular a cadascun dels tres llinatges. També explorem mecanismes de 

mecanotransducció que poden explicar les nostres observacions.  

Extractes dels capítols 

La tesi s’estructura en tres capítols centrals on presentem resultats sobre diferents aspectes 

del desenvolupament de teixits musculoesquelètics, i com es regulen a partir de l’adhesió a escala 

nanomètrica que aporten els substrats de cultiu nanopatronats: 

- Capítol 3: Dinàmica de la migració i la condensació cel·lular  

La migració cel·lular aïllada (cada cèl·lula per separat) i col·lectiva (grups de cèl·lules en 

conjunt) és una part essencial dels processos biològics com la formació de teixits, la cicatrització 

de ferides i el desenvolupament de malalties. Durant les primeres etapes de formació de cartílag, 

les cèl·lules mare mesenquimals s'agrupen en estructures multicel·lulars que estableixen les bases 

estructurals del teixit. Aquest procés de condensació mesenquimal està limitat per la capacitat de 

les cèl·lules per migrar a través de la matriu extracel·lular i establir els primers contactes cèl·lula-

cèl·lula. En aquest capítol fem vídeos de cèl·lules a l'inici de la condrogènesi sobre nanopatrons 

de lligand de matriu adhesiu, i trobem que la densitat de lligand al substrat modula la 

direccionalitat i la velocitat de migració de cèl·lules mare individuals i col·lectives. La transició 

progressiva de cèl·lules individuals a condensats multicel·lulars també està guiada pels contactes 

cèl·lula-cèl·lula. Les cèl·lules cultivades sobre substrats amb nanopatrons presenten un mode de 

migració ameboide amb morfologia arrodonida, mentre que les dels substrats coberts de proteïna 

mostren morfologies mesenquimals i tendeixen a formar una monocapa en lloc de 

condensacions. Plantegem que, quan dues cèl·lules xoquen, la condensació mesenquimal està 

regulada per l'equilibri entre la inhibició de locomoció per contacte (cada cèl·lula reprèn la 

migració de manera aïllada) i el seguiment de locomoció per contacte (les cèl·lules estableixen 

una nova unitat de condensació). 

- Capítol 4: Estructura dels condensats i comunicació intercel·lular 

La comunicació intercel·lular per unions gap (GJIC, en anglès) proporciona un flux continu i 

eficient d'informació biològica durant la formació de teixits i és essencial per mantenir 

l'homeòstasi i la funció tissular. Aquest mode de comunicació intercel·lular és especialment 

important en teixits avasculars com el cartílag. Aquí utilitzem substrats amb nanopatrons per 

estudiar com la densitat local de lligands modula l'estructura, l'estabilitat mecànica i l'arquitectura 

de la xarxa de proteïnes dins de condensats mesenquimals multicel·lulars durant la condrogènesi. 
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Mostrem que els nanopatrons d'alta densitat de lligand faciliten el creixement de condensats i 

generen condensats que són més estables i més compactes. Després demostrem que els 

nanopatrons d'alta densitat de lligand promouen l'expressió de proteïna d'unió gap i milloren 

l'arquitectura de la xarxa intercel·lular que forma la proteïna, generant una xarxa més eficient de 

GJIC en condensats mesenquimals. A continuació dissenyem un assaig de trasplantament de 

condensats i mostrem que les cèl·lules detecten la densitat de lligand al substrat de manera 

contínua, amb cèl·lules que responen a les condicions canviants del substrat encara que no hi 

estiguin en contacte directe. Finalment, confirmem que la informació del substrat és detectada 

per les adhesions cèl·lula-substrat i es propaga pel condensat mitjançant contraccions del 

citoesquelet. 

- Capítol 5: Adhesió, forma cel·lular i diferenciació a llinatges musculoesquelètics 

Les lesions i malalties dels teixits musculoesquelètics com el cartílag, el tendó i l'os es troben 

entre les principals causes de discapacitat a tot el món; hi ha una necessitat urgent de millorar les 

teràpies de regeneració d’aquests teixits. Com a aplicació dels substrats amb nanopatrons per 

guiar les cèl·lules mare cap a destins musculoesquelètics, aquí induïm la diferenciació cel·lular a 

cadascun d'aquests tres llinatges per averiguar la densitat de lligand local òptima que la promou. 

Els nanopatrons d'alta densitat de lligand promouen la diferenciació condrogènica mitjançant la 

translocació nuclear d'un activador transcripcional mecanosensible. La mateixa configuració de 

nanopatró també afavoreix l'osteogènesi, encara que en aquest cas les cèl·lules formen adhesions 

més petites que en substrats de baixa i mitjana densitat. La tenogènesi no sembla veure’s 

afectada per la densitat de lligand del substrat. Atès que la tensió exercida des dels receptors de 

la membrana cel·lular es transmet pel citoesquelet al nucli cel·lular, analitzem la morfologia 

nuclear de cada condició segons el destí de diferenciació cel·lular. Per a la condrogènesi, trobem 

que les cèl·lules responen als augments inicials de la mida d'adhesió amb nuclis allargats; a mesura 

que augmenta la mida d'adhesió, els nuclis recuperen una forma circular. En el cas de la 

tenogènesi, no hi ha cap relació entre la mida de l'adhesió i la circularitat nuclear, cosa que indica 

que les adhesions es distribueixen al voltant de la cèl·lula de manera similar a tots els substrats. 

Per a l'osteogènesi, trobem que la deformació nuclear augmenta amb la disminució de la mida 

d'adhesió. Plantegem que la resposta cel·lular a la densitat de lligand a la nanoescala depèn tant 

de la mida com de la distribució de les adhesions  al voltant de la cèl·lula, d'una manera diferent 

per a cadascun dels tres llinatges analitzats, i que l'estirament nuclear modula els efectes 

observats sobre la diferenciació. 
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Conclusions 

Les plataformes in vitro i els biomaterials que tenen com a objectiu guiar la diferenciació de 

cèl·lules mare s'han de dissenyar tenint en compte que les cèl·lules interaccionen amb el seu 

entorn mitjançant receptors a la nanoescala de la membrana, que s'uneixen als lligands de la 

matriu extracel·lular. Hem emprat amb èxit substrats amb nanopatrons de lligand adherent per 

modular l'adhesió local de les cèl·lules que s'estan diferenciant cap al cartílag, el tendó i l'os. 

Esbrinem les conformacions d'adhesió nanomètrica que regulen el comportament i diferenciació 

de cèl·lules mare durant la formació d'aquests teixits musculoesquelètics, i els mecanismes 

corresponents de detecció i transducció del senyal. Les principals conclusions que n’extreiem són 

les següents:  

- Les cèl·lules mare mesenquimals adapten el seu mode de migració a l'adherència local del 

substrat durant la formació de cartílag. Mentre que les cèl·lules de substrats de baixa adherència 

migren de manera ameboide, les cèl·lules en recobriments de proteïnes es comporten com a 

totalment mesenquimals. 

- La condensació mesenquimal en nanopatrons està regulada per un equilibri entre la 

inhibició de contacte de la locomoció i el seguiment de contacte de la locomoció, mentre que la 

condensació en els recobriments de proteïnes comporta la formació de defectes topològics en 

l'ordre nemàtic de la monocapa establerta. 

- Els nanopatrons d'alta densitat local de lligand representen una intersecció entre la 

presència de lligand regulada localment a escala nanomètrica i els recobriments de proteïnes 

completes. Les cèl·lules en aquesta condició presenten comportaments selectivament similars als 

dels substrats amb nanopatrons de baixa densitat i recobriments de proteïnes: migren com a 

cèl·lules rodones individuals i formen condensats ràpidament, però també desenvolupen 

estructures locals semblants a una monocapa i estenen grans protuberàncies. 

- La resposta cel·lular a l'adherència local del substrat en nanopatrons pot ser lineal o 

bifàsica, depenent del paràmetre. Els paràmetres lineals inclouen el desplaçament net i la 

direccionalitat durant la migració, l'adhesió mecànica cèl·lula-cèl·lula en els condensats i la 

diferenciació òssia. Els paràmetres bifàsics inclouen la mida de les protrusions, la velocitat de 

migració, el ritme de col·lisions cèl·lula-cèl·lula, la compactació del condensat, la comunicació 

intercel·lular per unions gap (GJIC), la translocació nuclear de proteïna mecanosensible i la 

diferenciació a cartílag. 
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- La detecció i la resposta a la densitat de lligand és un procés continu que influeix en la 

producció de proteïnes d'unió gap durant i després de la condensació. Les cèl·lules detecten 

l'adherència al substrat mitjançant les adhesions d'integrines, i es propaga a les cèl·lules adjacents 

per contraccions del citoesquelet. 

- La formació d'adhesions cèl·lula-substrat depèn del llinatge musculoesquelètic al qual 

s'estan diferenciant les cèl·lules. Les cèl·lules que realitzen osteogènesi formen adhesions més 

grans sobre substrats de densitat de lligand més baixa, al contrari que les cèl·lules sota inducció 

condrogènica o tenogènica. Atribuïm aquest comportament als requisits específics de cada teixit 

i a la relació entre l'espaiat de lligands i la rigidesa del substrat. 

- L'allargament nuclear té una relació diferent amb la mida d'adhesions en cadascun dels 

teixits analitzats, mostrant el paper del nucli com a transductor de l'adherència al substrat. 

Atribuïm aquestes diferències a les característiques de desenvolupament de cada teixit i a la 

distribució variable de les adhesions al voltant del nucli en cada cas. 

- Els nanopatrons d'alta densitat de lligand proporcionen a les cèl·lules condicions òptimes 

per al desenvolupament del cartílag (com es veu a través de l'estructura i l'estabilitat dels 

condensats, la GJIC i la diferenciació cel·lular) i la diferenciació osteogènica. Els condensats 

mesenquimals d'aquesta condició es poden extreure del substrat, congelar i descongelar de nou 

sense pèrdua d'estructura o viabilitat cel·lular, cosa que indica la seva potencial adequació per a 

teràpies regeneratives.  

Les nostres conclusions reflecteixen l'impacte que té l'ajust precís de les interfícies de 

materials en la resposta cel·lular. Adaptant la configuració del nanopatró de lligand adhesiu 

cel·lular, controlem la formació, l'arquitectura i la funció d'un sistema biològic dinàmic complex 

com són els condensats mesenquimals. A més, demostrem que la funcionalització del substrat 

s'ha de dissenyar segons els requisits específics a nanoescala del teixit objectiu. Els resultats tenen 

una aplicació immediata a l'enginyeria in vitro de teixits musculoesquelètics, però també són 

extensibles a l'estudi d'altres processos biològics en els quals la remodelació activa de la matriu 

extracel·lular i, per tant, els canvis en els requisits d'adhesió, tinguin un paper rellevant. 
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